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A LIMITED SPEECH RECOGNITION SYSTEM 
ABSTRACT 
LISPER, a program des igned  f o r  l i m i t e d  speech  r e c o g n i t i o n ,  l e a r n s  
t o  i d e n t i f y  u t t e r a n c e s  as one o f  a l i m i t e d  i n p u t  message s e t .  
F u n c t i o n s  o f  t h e  raw s p e c t r a l  data are t r ans fo rmed  i n t o  sequences  
o f  s ta tes  ( f e a t u r e s )  i n  o r d e r  t o  normal ize  f o r  word o n s e t  t i m e ,  
speak ing  ra te ,  and speak ing  rhythm.  S ta te  t r a n s i t i o n  t h r e s h o l d s  
are normal ized  f o r  speak ing  l e v e l ,  and a hysteresis  r e g i o n  i s  
employed about  d e c i s i o n  t h r e s h o l d s  t o  r educe  t h e  s e n s i t i v i t y  of 
t h e  system t o  n o i s e .  A f e a t u r e  sequence need n o t  b e  c o n s i s t e n t l y  
c o r r e c t  because  t h e  r e c o g n i t i o n  a l g o r i t h m  makes u s e  o f  redundancy 
t o  i d e n t i f y  t h e  most probable  message. F e a t u r e s  re la ted t o  t e n s e -  
l a x ,  s i b i l a n t ,  f r i c a t i v e ,  c o n t i n u a n t ,  s e v e r a l  p l a c e - o f - a r t i c u l a t i o n  
f e a t u r e s  and a stress f e a t u r e  are i n c l u d e d  i n  a set  o f  " l i n g u i s t i c "  
f e a t u r e s  used  f o r  r e c o g n i t i o n .  Another s e t  o f  n o n - l i n g u i s t i c  
f e a t u r e s  was a l s o  tes ted.  Recogni t ion s c o r e s  approach 97% c o r r e c t  
a f t e r  three rounds of t r a i n i n g  on a 5 4  word vocabulary  f o r  bo th  
sets of f e a t u r e s .  
_. - 
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I. INTRODUCTION 
T h i s  r e p o r t  d e s c r i b e s  t h e  r e s u l t s  o f  a s u c c e s s f u l  s t u d y  f o r  t h e  
N a t i o n a l  Aeronaut ics  and Space A d m i n i s t r a t i o n  on t h e  f e a s i b i l i t y  
o f  a v o i c e  l i n k  w i t h  a computer. L I S P E R ,  a p r o t o t y p e  - L i m i t e d  
=ech - Recognit ion s y s t e m ,  was b u i l t  t o  demons t r a t e  and exper iment  
w i t h  t h e  s e t  of t e c h n i q u e s  f o r  speech r e c o g n i t i o n  descr ibed  below. 
The g o a l s  of t h e  implementa t ion  were t o  p r o v i d e  a sys t em which 
be able t o  i d e n t i f y  an  u t t e r a n c e  as one o f  a l i m i t e d  set  
o f  p o s s i b l e  i n p u t  messages. D i f f e r e n t  message se t s  used  
c o n t a i n  approximate ly  5 0  t o  100 i tems and c o n s i s t  of 
words o r  p h r a s e s  less  t h a n  2 seconds  l o n g  spoken i n  i s o -  
l a t  i o n .  
a l low a n  i n d i v i d u a l  u s e r  t o  " t r a i n "  t h e  system. LISPER 
learns s e p a r a t e l y  t h e  cha rac t e r i s t i c s  o f  an  i n p u t  message 
s e t  as spoken by  each i n d i v i d u a l  t o  use  t h e  sys tem.  
al low maximum f l e x i b i l i t y  f o r  data  a c c e s s  and sys t em 
m o d i f i c a t i o n .  For  t h i s  r e a s o n  L I S P E R  was b u i l t  i n  a n  
extended LISP  system (McCarthy, 1964)s (Bobrow, Murphy 
and Tei te lman,  1968) .  T h i s  d e c i s i o n  a l lowed  a n  e a s y  
t r a n s f e r  of  t h e  sys tem from a DEC PDP-1 t o  an  SDS 940 
c omp u t e r . 
T h i s  LISPER s y s t e m  has been used  as b o t h  a r e s e a r c h  t o o l  f o r  
e x p l o r i n g  c h a r a c t e r i s t i c s  o f  speech ,  and a p r o t o t y p e  o f  a t r a i n -  
able speech p a t t e r n  r e c o g n i t i o n  system. 
-2- 
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Any p a t t e r n  r e c o g n i t i o n  system must have th ree  b a s i c  components : 
p r e p r o c e s s i n g  hardware t o  e x t r a c t  a r e p r e s e n t a t i o n  o f  the  i n p u t ;  
programs u t i l i z i n g  t h i s  raw data t o  compute p r o p e r t i e s  o f  the  un- 
known i n p u t  (data r e d u c t i o n ) ;  and a r e c o g n i t i o n  o r  d e c i s i o n  a lgo-  
r i thm.  F igu re  1 shows a block diagram o f  t h e  o r g a n i z a t i o n  o f  t h e  
LISPER s y s t e m .  The i n p u t  speech s i g n a l  may b e  o b t a i n e d  from e i t h e r  
a microphone o r  tape reco rde r .  The b a s i c  parameters o f  t h e  i n p u t  
are e x t r a c t e d  by a spec t rum a n a l y z e r  which c o n s i s t s  o f  a pre-emphasis 
network fo l lowed by n i n e t e e n  bandpass  f i l t e r s .  Bandpass f i l t e r  
o u t p u t s  are r e c t i f i e d ,  low-pass f i l t e r e d ,  sampled, c o n v e r t e d  i n t o  
l o g a r i t h i c  u n i t s ,  and s t o r e d  on d i g i t a l  tape,  o r  i n  t h e  memory of 
t h e  computer. 
The s p e c t r a l  r e p r e s e n t a t i o n  o f  a word as der ived from o u r  i n p u t  
s y s t e m  c o n s i s t s  o f  200 s p e c t r a l  samples, co r re spond ing  t o  2 sec- 
onds o f  speech material. A s p e c t r a l  sample c o n s i s t s  of t h e  out-  
p u t s  of t h e  1 9  bandpass  f i l t e r s ,  a l l  sampled a t  a p a r t i c u l a r  
i n s t a n t  o f  t i m e .  A f i l t e r  ou tpu t ,  i n  l o g  u n i t s ,  i s  an i n t e g e r  
r a n g i n g  from 0 t o  63, cover ing  a 45 d e c i b e l  r ange  o f  i n t e n s i t y .  
Design c o n s i d e r a t i o n s  f o r  t he  i n p u t  s y s t e m  are d i s c u s s e d  i n  Sec- 
t i o n  11. 
The use  of  t h e  l o g a r i t h m  of t h e  shor t - t ime  spectrum i s  w e l l  estab- 
l i s h e d  as one approach t o  speech a n a l y s i s  (see, f o r  example, 
F lanagan ,  19651, and has o f t e n  been used as the  basis f o r  recog-  
n i t i o n  programs. The p r i n c i p a l  c o n t r i b u t i o n s  o f  t h i s  research 
have been t h e  development of a set  o f  a l g o r i t h m s  f o r  e x t r a c t i n g  
f e a t u r e s  which c h a r a . c t e r i z e  speech u t t e r a n c e s ,  and c o u p l i n g  t h i s  
s e t  w i t h  a r e c o g n i t i o n  a lgo r i thm capable o f  h i g h  q u a l i t y  word 
i d e n t i f i c a t i o n  i n  t h e  presence o f  redundant ,  i n c o n s i s t e n t ,  o r  
i n c o r r e c t  i n fo rma t ion  from these  p r o p e r t i e s .  The r e c o g n i t i o n  
a l g o r i t h m  does n o t  d i r e c t l y  u t i l i z e  t h e  s p e c t r a l  data, n o r  i s  an  
-3- 
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i n t e r m e d i a t e  p h o n e t i c  ( o r  phonemic) t r a n s c r i p t i o n  of the  word pro-  
duced. We d i s c u s s  below some problems o f  these two approaches  and 
i n d i c a t e  how a number o f  t h e s e  problems have been  c i rcumvented  by 
t e c h n i q u e s  used  i n  LISPER. 
Our sys t em has been e x t e n s i v e l y  t es ted ,  and r e c o g n i t i o n  s c o r e s  
have  been  o b t a i n e d  on three v o c a b u l a r i e s  w i t h  three d i f f e r e n t  
speakers. T y p i c a l  o f  o u r  results i s  a t t a i n m e n t  o f  r e c o g n i t i o n  
s c o r e s  t ha t  approach  97% c o r r e c t  on a 54 word vocabu la ry  a f t e r  
three rounds  o f  t r a i n i n g  f o r  a s i n g l e  speaker. Exper iments  i n d i -  
c a t e  t h a t  o u r  r e c o g n i t i o n  system i s  ve ry  s u c c e s s f u l  i n  h a n d l i n g  a 
modera te  amount o f  a d d i t i v e  no i se .  Our r e c o g n i t i o n  s c o r e s  compare 
f a v o r a b l y  w i t h  t h o s e  o f  o t h e r  i n v e s t i g a t o r s  (Gold,  1966; Denes and 
Mathews, 1964; Dudley and Balashek,  1958; Davis e t  a l . ,  1952) .  
However, u n l i k e  some of these ,  the  LISPER sys t em i s  n o t  i n t e n d e d  
t o  b e  used  s i m u l t a n e o u s l y  by  m u l t i p l e  speakers, and a new speaker 
must t r a i n  t h e  s y s t e m  t o  t h e  c h a r a c t e r i s t i c s  o f  h i s  v o i c e .  
The t e c h n i q u e s  used  i n  LISPER can b e s t  be  a p p r e c i a t e d  by first 
e x p l o r i n g  some problems invo lved  i n  I d e n t i f y i n g  a speech  u t t e r a n c e  
on t h e  basis o f  t h e  19  x 200 a r r a y  r e p r e s e n t i n g  a 2 second sampl ing  
of i t s  energy  spec t rum.  P a t t e r n  r e c o g n i t i o n  schemes o p e r a t i n g  on - 
data of t h i s  d i m e n s i o n a l i t y  a r e  t h e o r e t l c a l l y  t e n a b l e  ( S e b e s t y e n ,  
19601, b u t  on ly  if r e p e t i t i o n s  o f  words c l u s t e r  p r o p e r l y  i n  the 
r e s u l t a n t  v e c t o r  space .  
p a t t e r n s  as i n i t i a l l y  s t o r e d  i n  a computer do n o t  c l u s t e r  accord-  
i n g  t o  t h e  word spoken.  
It i s  by now well-known t h a t  speech  s p e c t r a l  
Some o f  t h e  r e a s o n s  f o r  t h i s  are:  
1. The r ange  of i n t e n s i t i e s  encoun te red  w i l l  v a ry  because  
t h e  o v e r a l l  r e c o r d i n g  l e v e l  i s  n o t  f i x e d .  
l e v e l  depends on voca l  e f f o r t  and t h e  d i s t a n c e  o f  a 
speaker from t h e  microphone. 
Record ing  
-5- 
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2. 
3 .  
4. 
An unknown word i s  d i f f i c u l t  t o  r e g i s t e r  a t  t h e  same 
p l a c e  w i t h i n  200 s p e c t r a l  samples because  word o n s e t  
t ime is no t  a s imple  f e a t u r e  t o  de t ec t  r e l i a b l y .  Fo r  
example, i n i t i a l  v o i c e l e s s  f r i c a t i v e s  may b e  missed, 
prevoiced  s t o p s  are ha rd  t o  t reat  c o n s i s t e n t l y ,  e t c .  
The t o t a l  d u r a t i o n  o f  a word i s  h i g h l y  v a r i a b l e .  An 
i n c r e a s e  i n  speak ing  r a t e  i s  n o t  m a n i f e s t e d  by  a l i n e a r  
compression o f  t h e  t i m e  dimension. F i n a l  s y l l a b l e s  are 
o f t e n  prolonged.  Some t r a n s i t i o n s  ( f o r  example, t h e  
release of a s t o p  consonant )  are n o t  as grea t ly  affected 
by changes i n  speak ing  r a t e  as t h e  steady-state p o r t i o n s  
o f  vowels. I f  s h o r t e n e d  enough, vowels are l i k e l y  t o  be 
reduced and consonants  may n o t  be c a r e f u l l y  a r t i c u l a t e d ,  
w i t h  r e s u l t a n t  l o s s e s  i n  s p e c t r a l  d i s t i n c t i v e n e s s .  
A speake r  a t t e m p t s  t o  g e n e r a t e  an u t t e r a n c e  s o  t h a t  i t  
has a p a r t i c u l a r  se t  o f  p e r c e p t u a l  a t t r i b u t e s  ( o r  f e a t u r e s ) .  
We do n o t  know i n  d e t a i l  what t h e  a c o u s t i c  c o r r e l a t e s  o f  
these a t t r i b u t e s  are. There is  a great deal o f  v a r i a t i o n  
allowed i n  t h e  a c o u s t i c  p r o p e r t i e s  o f  t h e  s i g n a l  t h a t  w i l l  
s t i l l  give r i s e  t o  t h e  same u t t e r a n c e .  There i s  a l s o  
s u f f i c i e n t  redundancy I n  t h e  message t o  permit a speaker 
t o  leave  ou t  c e r t a i n  a t t r i b u t e s  e n t i r e l y .  For  example,  
t h e  degree of  stress p l a c e d  on a s y l l a b l e  w i l l  d e t e rmine  
the  e x t e n t  t o  which t h e  vowel may be  reduced  (Lindblom, 
1963) .  Consonants i n  u n s t r e s s e d  s y l l a b l e s  may c o n t a i n  
less  f r i c a t i o n  n o i s e ,  a weak s t o p  b u r s t  re lease,  o r  i n -  
complete s t o p  c l o s u r e .  
environments .  The s u b s t i t u t i o n  of one incomple t e  g e s t u r e  
f o r  a consonant c l u s t e r  i s  a l s o  common i n  u n s t r e s s e d  
s y l l a b l e s  o f  n a t u r a l  speech. None o f  these e f f e c t s  would 
Vowels may b e  n a s a l i z e d  i n  n a s a l  
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n e c e s s a r i l y  produce word r e c o g n i t i o n  d i f f i c u l t i e s  i f  t h e y  
appeared c o n s i s t e n t l y  i n  t h e  data. U n f o r t u n a t e l y ,  t h e y  
do n o t .  
5. I f  a speaker i s  i n s t r u c t e d  t o  speak d i s t i n c t l y  and n o t  
r a p i d l y ,  some s u r p r i s i n g  and u n f o r t u n a t e  v a r i a b i l i t y  i n  
s p e a k i n g  h a b i t s  has been  e x p e r i m e n t a l l y  de tec ted .  I n  an  
a t tempt  t o  h e l p  the  s y s t e m ,  o u r  s p e a k e r s  released f i n a l  
s t o p s ,  i n c r e a s e d  t h e  l e n g t h  o f  some s y l l a b l e s ,  and a r t i -  
c u l a t e d  u n s t r e s s e d  s y l l a b l e s  more c a r e f u l l y  t h a n  t h e y  
would normal ly .  U n f o r t u n a t e l y ,  o u r  speakers a p p e a r  t o  
have  found these speaking  h a b i t s  u n n a t u r a l ,  and c o u l d  n o t  
remember from r e p e t i t i o n  t o  r e p e t i t i o n  e x a c t l y  what t h e y  
had done t o  he lp .  Fo r  example,  f i n a l  vo iced  s t o p  releases 
gave t r o u b l e  by producing  s h o r t  vowel segments t ha t  v a r i e d  
g r e a t l y  i n  ampl i tude ,  and t h e  words " f o u r "  and "co re"  were 
sometimes pronounced as i f  t h e y  had two s y l l a b l e s .  
6 .  I n d i v i d u a l  speakers have v o c a l  t r a c t s  o f  d i f f e r e n t  s i z e s  
and s h a p e s .  It i s  p h y s i c a l l y  i m p o s s i b l e  f o r  two speakers 
t o  produce  i d e n t i c a l  s p e c t r a  f o r  a g i v e n  phone o r  word. 
A speaker makes an a r t i c u l a t o r y  g e s t u r e  t h a t  w e ,  as l is -  
t e n e r s ,  i n t e r p r e t ,  p o s s i b l y  w i t h  r e s p e c t  t o  o u r  knowledge 
o f  t h e  s p e c t r a  that  he i s  c a p a b l e  o f  p roduc ing  (Gerstman, 
1967) .  The n a t u r e  and impor t ance  o f  t h e  n o r m a l i z a t i o n  
p r o c e s s  of  a l i s t e n e r  are n o t  w e l l  unde r s tood .  
7. D i f f e r e n t  speakers have a r t i c u l a t o r y  h a b i t s  ( i d i o l e c t s )  
t h a t  may be q u i t e  d i s t i n c t .  H a b i t s  i n c l u d e  t h e  t i m i n g  
and dynamics of a r t i c u l a t o r y  movements and t h e  f e a t u r e s  
t h a t  a p a r t i c u l a r  speake r  employs t o  m a n i f e s t  a phonemic 
d i s t i n c t i o n .  Whether r e c o g n i t i o n  d i f f i c u l t i e s  can be 
-7- 
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a t t r i b u t e d  t o  i n d i v i d u a l  speech  h a b i t  s t r u c t u r e s  i s  n o t  
known, Very l i t t l e  q u a n t i t a t i v e  data are a v a i l a b l e  on 
t h e  c h a r a c t e r i s t i c s  t h a t  d i s t i n g u i s h  speakers (Kersta,  
1962) .  
The v a r i a b i l i t y  o f  t h e  spec t rum of a word has l e d  t o  t h e  s e a r c h  
f o r  data r e d u c t i o n  t e c h n i q u e s  t o  e l i m i n a t e  i r r e l e v a n t  i n f o r m a t i o n .  
An approach favored by s e v e r a l  i n v e s t i g a t o r s  has been t o  deve lop  
r u l e s  f o r  d e t e c t i n g  phonemes ( F r y  and Denes, 1958; Mar t in  e t  a l . ,  
1966;  Reddy, 1967).  We b e l i e v e  t h a t  phoneme r e c o g n i t i o n  i s  a much 
more d i f f i c u l t  problem t h a n  word r e c o g n i t i o n  because  i t  p resupposes  
a good unders tanding  o f  t h e  cues  t h a t  d i s t i n g u i s h  phonemes i n  arbi- 
t r a r y  p h o n e t i c  environments .  Fo r  example,  a l lophones  o f  t h e  
phoneme /p/ may be: 
1. 
2 .  weakly aspirated,  as i n  t h e  word "supper"  [ S A P $  3 
3.  non-asp i ra ted ,  as i n  t h e  word "splin" [ spzn]  
4 .  
normally aspirated, as i n  t h e  word ''peak" [ph ik ]  
non-re leased ,  as i n  t h e  word " top"  [t h l  ap 1 
There  i s  no need f o r  a word r e c o g n i t i o n  program t o  a t t empt  t o  
group t h i s  disparate  set  o f  p h y s i c a l  s i g n a l s  t o g e t h e r  i n t o  one 
phoneme. However, t o  t h e  e x t e n t  t h a t  a l g o r i t h m s  f o r  d e r i v i n g  
a de t a i l ed  phone t i c - f ea tu re  d e s c r i p t i o n  o f  an u t t e r a n c e  can b e  
found,  t h e y  can be o f  c o n s i d e r a b l e  h e l p  t o  a p r a c t i c a l  word recog-  
n i t i o n  s y s t e m .  Examples o f  f e a t u r e  approaches  t ha t  are r e l e v a n t  
i n c l u d e  t h e  work o f  Hughes (19611, Herndal and Hughes (19641, and 
Gold (1966) .  
We have implemented a number o f  programs which c h a r a c t e r i z e  
p h o n e t i c  features o f  words. These f e a t u r e s  are d e f i n e d  and com- 
pared w i t h  t h e  work o f  o t h e r  i n v e s t i g a t o r s  i n  S e c t i o n  111. Fea- 
t u r e s  t h a t  have been implemented i n c l u d e  (1) vo iced ,  ( 2 )  s t r i d e n t ,  
I 
1 
I 
I 
1 
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( 3 )  f r i c a t i v e ,  ( 4 )  s t o p - b u r s t ,  ( 5 )  n a s a l ,  ( 6 )  [r]-like, ( 7 )  st r i -  
d e n t - s t o p ,  ( 8 )  [ i l - l i k e ,  ( 9 )  [a]- l ike,  ( 1 0 )  [ u l - l i k e .  Fo r  o u r  
p u r p o s e s ,  a f e a t u r e  i s  defined t o  be a f u n c t i o n  o f  sampled t i m e  
h a v i n g  a range  l imi t ed  t o  a small  number o f  d i s t i n g u i s h a b l e  s ta tes .  
State t r a n s i t i o n  t h r e s h o l d s  are normal ized  f o r  s p e a k i n g  l e v e l ,  and 
a h y s t e r i s i s  r e g i o n  about  t h e  t h r e s h o l d  r educes  t he  s e n s i t i v i t y  
t o  n o i s e .  The time dimension i s  removed by t r a n s f o r m i n g  t h e  t i m e  
f u n c t i o n  i n t o  t h e  sequence  o f  s ta tes  t h a t  i s  produced by t h e  un- 
known word. T h i s  reduces  t h e  i n f o r m a t i o n  c o n t e n t  i n  t h e  r ep resen -  
t a t i o n  of  t h e  word, a u t o m a t i c a l l y  has  t h e  e f f e c t  o f  n o r m a l i z i n g  
f o r  s p e a k i n g  ra te  and d e f i n e s  word o n s e t  as t h e  f irst  change o f  
s t a t e .  S e v e r a l  p r o p e r t i e s  a r e  used e x c l u s i v e l y  t o  descr ibe  t h e  
stressed s y l l a b l e .  We have been able  t o  segment words i n t o  s y l -  
l a b l e s ,  p r i m a r i l y  on t h e  basis o f  changes i n  t o t a l  s i g n a l  ene rgy .  
The s t ressed s y l l a b l e  has been i d e n t i f i e d  w i t h  t h e  a id  o f  a func- 
t i o n  t h a t  computes an approximation t o  t h e  p e r c e i v e d  loudness  o f  
a vowel. The f e a t u r e s  of t h e  s t ressed  s y l l a b l e  are less l i k e l y  
t o  be a f f e c t e d  by t h e  n a t u r a l  v a r i a b i l i t y  t h a t  c h a r a c t e r i z e s  t h e  
speech  p r o c e s s  (S tevens ,  1 9 6 8 1 ,  and t h e r e f o r e  are good p r o p e r t i e s  
f o r  use  i n  r e c o g n i t i o n .  
Fo r  each new u t t e r a n c e ,  the  r e c o g n i t i o n  a l g o r i t h m  decides which 
p r e v i o u s l y  s e e n  message t h i s  one i s  most l i k e .  The a l g o r i t h m  i s  
re la ted  t o  a maximum l i k e l i h o o d  d e c i s i o n  i n  which t h e  s t a t e  se- 
quences  f o r  each  f e a t u r e  independen t ly  sugges t  f o r  r e c o g n i t i o n  
t h o s e  i n p u t  messages which have been p r e v i o u s l y  c h a r a c t e r i z e d  b y  
t h a t  sequence  d u r i n g  t r a i n i n g .  The de t a i l s  o f  t h i s  d e c i s i o n  pro-  
cedure  are d e s c r i b e d  i n  S e c t i o n  V. The r e c o g n i t i o n  a l g o r i t h m  
i s  c a p a b l e  of  h igh  q u a l i t y  word  i d e n t i f i c a t i o n  i n  t h e  p r e s e n c e  o f  
i n c o r r e c t  o r  i n c o n s i s t e n t  c h a r a c t e r i z a t i o n s  from many o f  t h e  fea- 
t u r e s .  
-9- 
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It s h o u l d  be emphasized t h a t  a l l  o f  o u r  f e a t u r e  d e f i n i t i o n s  are 
r e l a t i v e l y  simple-minded. They do n o t  produce  r e s u l t s  t h a t  c o r r e s -  
pond t o  a p h o n e t i c  t r a n s c r i p t i o n  o f  ?- l i n g u i s t .  Some f e a t u r e s  
work r e l i a b l y  i n  some p h o n e t i c  env i ronmen t s ,  and n o t  a t  a l l  i n  
o t h e r s .  The f e a t u r e s  have t h e  s i n g l e  pu rpose  o f  p r o v i d i n g  s u f f i -  
c i e n t  i n f o r m a t i o n  about  t h e  i n v a r i a n t  c h a r a c t e r i s t i c s  o f  t h e  i n p u t  
message f o r  t h e  r e c o g n i t i o n  a l g o r i t h m  t o  o p e r a t e  s u c c e s s f u l l y .  
It s h o u l d  b e  c l e a r  t h a t  w e  b e l i e v e  a p a t t e r n  r e c o g n i t i o n  a l g o r i t h m  
cannot  succeed  w i t h  data o f  t h e  t y p e  p rov ided  by t h e  i n p u t  s y s t e m  
u n l e s s  t h e  a l g o r i t h m  deals e x p l i c i t l y  w i t h  some o f  t h e  problems 
mentioned p r e v i o u s l y .  I n  p a r t i c u l a r ,  ampl i tude  n o r m a l i z a t i o n ,  
word o n s e t  t ime,  and s p e a k i n g  ra te  problems are l i k e l y  t o  produce 
more v a r i a b i l i t y  t h a n  any n a i v e  p a t t e r n  l e a r n i n g  program can 
s u c c e s s f u l l y  t reat .  P a t t e r n  r e c o g n i t i o n  programs t h a t  a t tempt  t o  
overcome t h e s e  d i f f i c u l t i e s  have been  d e s c r i b e d  i n  t h e  l i t e r a t u r e  
(Schroede r ,  1968; Shearme and Leach, 1968;  Denes and Mathews, 1961; 
Dudley and Balashek, 1958; Davis e t  a l . ,  1952) .  
The f e a t u r e  approach t h a t  w e  have t a k e n  p r o v i d e s  a good working 
s o l u t i o n  t o  these three problems.  I n  t h e  l a t t e r  stages o f  t h e  
r e s e a r c h ,  w e  fo rmula t ed  a set  of n o n - l i n g u i s t i c  f e a t u r e s  t o  be 
used  as a basis f o r  comparison w i t h  t h e  f e a t u r e s  d e s c r i b e d  i n  
S e c t i o n  I V .  The n o n - l i n g u i s t i c  p r o p e r t i e s  i n v o l v e d  s i m p l e  sums 
and d i f f e r e n c e s  o f  f i l t e r  o u t p u t s .  The r e s u l t s  o f  t h e  comparison 
show t h a t ,  f o r  a s i n g l e  speaker,  p a t t e r n  d e t e c t i n g  p r o p e r t i e s  
t h a t  are unmotivated by l i n g u i s t i c  c o n s i d e r a t i o n s  ( b u t  c a r e f u l l y  
chosen)  work very w e l l ,  app roach ing  97% c o r r e c t  i n  a 54 word 
vocabulary  a f t e r  3 t r a i n i n g  rounds .  These s c o r e s  are roughly  
e q u i v a l e n t  t o  o u r  p r e v i o u s  r e s u l t s .  The r e a s o n s  f o r  t h i s  s u c c e s s  
are d i s c u s s e d  i n  S e c t i o n  V I .  
I 
I 
I 
I 
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B o l t  Beranek and Newman I n c  
SYSTEM 
A b l o c k  diagram o f  t he  hardware tha t  i s  employed t o  conve r t  acous- 
t i c  waveforms i n t o  a d i g i t a l  r e p r e s e n t a t i o n  i s  shown i n  F i g .  2 .  
Up t o  two seconds o f  speech is e n t e r e d  i n t o  t h e  computer from a 
l i v e  microphone o r  tape reco rde r .  A pre-emphasis f i l t e r  hav ing  a 
f requency  r e sponse  t h a t  i n c r e a s e s  by 6 db /oc tave  ( 3  db up a t  740 Hz) 
i s  i n t r o d u c e d  s o  t h a t  t h e  f u l l  dynamic r ange  of each bandpass  f i l t e r  
can be  u t i l i z e d .  T h i s  network i s  similar t o  t h e  i n v e r s e  o f  t h e  
long-term ave rage  s p e c t r a  f o r  a male speaker. 
The 19 channel  f i l t e r  bank of Fig.  2 approximates  t h e  sho r t - t ime  
power spectrum o f  t h e  speech s i g n a l .  The f i l t e r  c h a r a c t e r i s t i c s  
have been s e l e c t e d  t o  preserve t h e  s i g n i f i c a n t  a c o u s t i c  p r o p e r t i e s  
of an a d u l t  male speaker.  I n  t h e  f requency  r ange  up t o  3000 Hz, 
15  f i l t e r s  are a r r a n g e d  t o  be spaced uni formly  and  t o  have e q u a l  
bandwidths .  T h i s  i s  t h e  approximate f requency  range  encompassed 
by t h e  f irst  three resonances o f  t h e  voca l  t r a c t  ( P e t e r s o n  and 
Barney, 1952) .  An even spac ing  o f  f i l t e r s  on a l i n e a r  f requency 
s c a l e  was chosen t o  e n a b l e  t h e  hardware t o  share p o l e s  from adja- 
c e n t  f i l t e r s .  
During normal u t t e r a n c e s  of male speakers ,  t h e  fundamental  f re-  
quency ra re ly  exceeds 180 H z ,  and i s  u s u a l l y  i n  t h e  range  
80-150 Hz ( F a i r b a n k s ,  1940) .  F o r  vo iced  sounds ,  t h e  spectrum 
a n a l y z e r  shou ld  p r o v i d e  a r e p r e s e n t a t i o n  o f  t h e  s p e c t r a l  envelope ,  
and t h i s  r e p r e s e n t a t i o n  should b e  r e l a t i v e l y  un in f luenced  by  
changes i n  fundamental  f requency.  These c o n s i d e r a t i o n s  l e d  t o  
t h e  s e l e c t i o n  of 360 Hz as an a p p r o p r i a t e  f i l t e r  bandwidth i n  t h e  
r ange  up t o  3000 Hz. With such a bandwidth there  are a lways  a t  
least  two harmonics of t h e  fundamental  w i t h i n  a g iven  f i l t e r ,  and 
no more t h a n  f o u r  such  harmonics.  Thus changes i n  t h e  p a t t e r n  o f  
-11- 
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f i l t e r  o u t p u t s  f o r  a vo iced  sound due t o  changes i n  fundamental  
f requency  are small. 
I n  o r d e r  t o  p rov ide  an adequate  r e p r e s e n t a t i o n  o f  t h e  spectrum 
enve lope ,  it was dec ided  t o  space  t h e  f i l t e r s  e v e r y  180 Hz i n  t h e  
f requency  range  up t o  3000 Hz. Once t h e  d e s i r a b i l i t y  o f  f i l t e r s  
w i t h  360 Hz bandwidths  has  been es tabl ished,  i t  becomes c l e a r  t h a t  
r e l a t i v e l y  f e w  f i l t e r s  are r e q u i r e d  t o  c o v e r  t h e  speech  band. I f  
f i l t e r s  were p l a c e d  every  90 Hz i n s t e a d  o f  e v e r y  1 8 0  Hz,  i t  would 
no t  b e  p o s s i b l e  t o  l o c a t e  the  c e n t r o i d  o f  an ene rgy  c o n c e n t r a t i o n  
w i t h  s i g n i f i c a n t l y  g r e a t e r  p r e c i s i o n  because  o u t p u t s  from a d j a c e n t  
f i l t e r s  have energy from s e v e r a l  harmonics  i n  common. 
The f requency  range  above 3000 Hz i s  o f  impor tance  p r i m a r i l y  f o r  
c a r r y i n g  i n f o r m a t i o n  about  t h e  n o i s e - l i k e  components o f  speech-- 
t h e  f r i c a t i o n  n o i s e  f o r  s t o p  and f r i c a t i v e  consonan t s .  F i n e  fre- 
quency r e s o l u t i o n  i s  n o t  as impor t an t  (Heinz and S t e v e n s ,  1961). 
The f requency  range  from 3000 t o  6500 Hz i s  cove red  by  f o u r  wide 
bandwidth f i l t e r s .  F i l t e r  c e n t e r  f r e q u e n c i e s  and bandwidths  are 
l i s t e d  i n  T a b l e  1. 
Four -po le  Le rne r  f i l t e r s  (Le rne r ,  1963)  are used t o  r e a l i z e  t h e  
bandpass  c h a r a c t e r i s t i c s  because (1) a d j a c e n t  f i l t e r s  can share 
p o l e s ,  ( 2 )  t h e  phase response  i s  l i n e a r  o v e r  t h e  passband o f  t h e  
f i l t e r ,  and ( 3 )  t h e  s l o p e  of t h e  phase r e s p o n s e ,  i . e . ,  t h e  d e l a y  
t i m e ,  i s  t h e  same f o r  each  o f  t h e  f i l t e r s  s o  t h a t  spec t r a l  com- 
p o n e n t s  of  a s i g n a l  appear s imul t aneous ly  a t  t h e  o u t p u t s  o f  t h e  
f i l t e r  channe l s .  It has been shown by S t e v e n s  (1968)  t h a t  t h e  
r e l a t i v e  t i m i n g  of energy o n s e t s  i n  d i f f e r e n t  f requency  r e g i o n s  
may b e  an impor t an t  cue f o r  t h e  d i f f e r e n t i a t i o n  o f  p l a c e - o f - a r t i -  
c u l a t i o n  f o r  s t o p s .  The set  o f  L e r n e r  f i l t e r s  w i l l  p r e s e r v e  t h i s  
t y p e  o f  i n f o r m a t i o n .  F ig .  3 p l o t s  t h e  measured f requency  r e sponse  
Of  e a c h  bandpass  f i l t e r .  
-13- 
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F i l t e r  
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1 0  
11 
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  
1 8  
1 9  
~~ 
Cente r  
Freq.  
CP S 
260 
440 
620 
980 
1 1 6 0  
800 
1 3 4 0  
1520  
1700 
1880 
2060 
2240 
2420 
2600 
2780 
3260 
39 80 
4940 
6020  
Bol t  Beranek and Newrnan I n c  
Lower 
cut-Off 
CP S 
80 
260 
440 
620 
800 
980 
1160 
1340  
1520  
1 7 0 0  
1880 
2060 
2240 
2420 
2600 
2960 
3560 
4400 
5480 
Higher  
cut-Off 
CPS 
440 
620 
800 
980 
1160 
1340  
1520  
1700 
1880 
2060 
2240 
2420 
2600 
2780 
3560 
2960 
4400 
5480 
6560 
TABLE 1. L i s t  o f  F i l t e r  Center  F requenc ie s  and Bandwidths 
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The o u t p u t  o f  a bandpass  f i l t e r  i s  f i rs t  ful l -wave r e c t i f i e d  and 
t h e n  low-pass f i l t e r e d .  The a v e r a g i n g  time f o r  t h e  low-pass f i l t e r s  
s h o u l d  b e  s u f f i c i e n t l y  long  t h a t  there  are no a p p r e c i a b l e  f l u c t u a -  
t i o n s  i n  t h e  ou tpu t s  o f  t h e  channels  w i t h i n  a p e r i o d  o f  t h e  funda- 
men ta l  frequency because  f l u c t u a t i o n s  are n o t  easy t o  d i s t i n g u i s h  
from s i g n i f i c a n t  s p e c t r a l  changes.  On the  o t h e r  hand,  t h e  aver -  
a g i n g  t i m e  should b e  s u f f i c i e n t l y  s h o r t  s o  t h a t  r a p i d  changes i n  
l e v e l  and s p e c t r a l  shape a s s o c i a t e d  w i t h  s t o p  and n a s a l  consonants  
can be detected,  These c o n s i d e r a t i o n s  l e d  t o  t h e  s e l e c t i o n  o f  a 
compromise averaging  t i m e  on t h e  o r d e r  o f  10-20 msec. 
The we igh t ing  f u n c t i o n  ( i . e . ,  t h e  impulse  r e s p o n s e )  a s s o c i a t e d  w i t h  
t h e  low-pass f i l t e r  shou ld  have as s h o r t  a t a i l  as p o s s i b l e  so  t h a t  
on ly  e v e n t s  over t h e  10-20 msec i n t e r v a l  are averaged .  The Bessel 
f i l t e r  p rov ides  a non-r inging  impulse r e sponse  w i t h  a t a i l  t h a t  
i s  r e l a t i v e l y  s h o r t .  A four -pole  Bessel low-pass f i l t e r  w i t h  t h e  
c h a r a c t e r i s t i c s  i n d i c a t e d  i n  Fig.  4 t e r m i n a t e s  each o f  the  19 f i l -  
t e r  channe l s .  
The o u t p u t  o f  a f i l t e r  i s  sampled every  1 0  msec, u s i n g  t h e  m u l t i -  
p l e x e r  and a n a l o g - t o - d i g i t a l  c o n v e r t e r  o f  t h e  computer.  Thus, 
each  10  m i l l i s e c o n d s  t h e  computer e x t r a c t s  19 numbers ( i n t e g e r s  
r a n g i n g  from 0 t o  1023) which r e p r e s e n t  t h e  ave rage  energy  i n  
19 f requency  bands f o r  t h e  p r e v i o u s  10  m i l l i s e c o n d s .  I n  t h e  com- 
p u t e r ,  t h e  loga r i thm o f  t h i s  energy  i s  computed. Each sample i s  
t r ans fo rmed  t o  an i n t e g e r  between 0 and 63,  c o v e r i n g  a 45-dec ibe l  
r ange  o f  i n t e n s i t y .  
An example o f  t h e  spectrum of t h e  word " s t o r e " ,  as d e r i v e d  by t h e  
i n p u t  s y s t e m ,  is shown i n  F i g .  5. Note t h a t  t h e  r e s o l u t i o n  of  
i n d i v i d u a l  formant peaks i s  p o o r  w i t h  these f i l t e r s  ( e . g . ,  t h e  
first and second formants  o f  [oh'] i n  l l s t o r e l '  do n o t  produce 
-16- 
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‘I 
I 
I 
I 
I 
I 
word i 2  speaker 2 r e p e t i t i o n  1 
1 12 3 0 0 0 0 0 1 0  0 0 0 0 0 0 0 0 0 0 16 
2 11 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11 
3 7 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  8 
4 10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10 
5 17 o o o o o o o o o o o o o o o o o o 17 
6 12 1 o o o o o o o o o o o o o o 1 o 2 16 
7 g o o o o o o o o o o o o o o i 4 2 8 2 4  
8 16 2 o o o o o o i o o o o o o 2 1 0  7 1 5  53 
9 15 0 0 o o o o 1 o o o o 1 o o 6 1 5 1 2 1 9  69 
10 12  0 0 o o o o i 1 o o o 2 o o 6 1 7 2 0 2 4  83 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19  t o t a l  
11 18 3 2 0 1 1  1 2  2 0 2 1 7  0 2 1 1 2 8 2 5 3 6 1 4 2  
12 16 0 1 1  1 1  0 2 1 1  2 0 2 0 3 1 7 2 8 2 7 3 2 1 3 5  
13 17 5 2 0 1 0  0 1 1  0 1 1  4 0 3 2 6 2 9 2 9 3 9 1 5 9  
14 13 2 2 1 2  0 1 2  2 1 3  2 7 2 6 3 0 3 2 3 6 4 3 1 8 7  
15 12  2 2 1 2  0 1 2  3 1 4  5 7 3 7 3 3 3 2 3 4 4 2 1 9 3  
16 22 3 2 1 2  0 1 2  2 1 4  4 7 3 6 2 9 2 9 3 2 3 9 1 8 9  
17 15 1 1  0 1 0  1 1  2 1 2  1 4  0 5 2 6 2 5 2 7 3 5 1 4 8  
18 i o  3 o o o o o o o o 1 o 2 o 2 2 1 2 0 2 3 2 9 1 1 1  
i g  2 1  o o o o o o o o o o o o o 1 1 7 1 4 1 7 2 4  94 
20 14 1 o o o o o o o o o o o o 0 1 2  9 1 3 1 9  68 
21 20 2 o o o o o o o o o o o o o 8 6 9 1 4  59 
22 21 2 o o o o o o o o o o o o o 6 4 5 g 47 
23 16 3 0 0 0 0 0 0 0 0 0 0 0 0 0 2 2 2 5 30 
24 14 0 0 o o o o o o o o o o o o 1 o 1 2  18 
25 18 4 0 0 0 0 0 0 0 0 0 2 3 0 3 3 1 1  2 37 
26 22 14 15 12 i o  7 6 i o  6 3 8 18 22 20 18 19 7 6 i g  242 
27 19 11 9 7 6 4 3 8 5 3 8 14 17 15 14 19 8 9 17 196 
28 3 2 2 6 1 8  8 5 5 4 6 2 1 4  6 9 5 8 1 5  5 5 1 1 1 7 5  
29 48 46 39 28 19 18 9 6 3 5 6 9 8 5 6 10 3 1 7 276 
30 47 48 43 33 29 27 18 i o  2 2 2 3 4 o 3 8 2 1 4 286 
31 48 50 46 36 35 32 20 11 6 5 4 2 3 o 2 6 1 o 3 310 
32 48 52 48 42 40 36 22 12 6 7 5 3 3 o 1 5 i o 2 333 
33 48 53 50 44 40 34 20 11 7 7 5 1 2 0 0 3 1 0 1 327 
34 48 53 51  46 40 33 19 12 7 9 5 0 1 0 0 2 0 0 0 326 
35 48 54 52 47 42 33 18 14 9 11 5 1 1 0 0 1 0 0 0 336 
36 49 55 53 49 44 33 17 15 12 14 7 2 1 0 0 0 0 0 0 351 
37 48 55 54 50 45 33 17 17 13 15 9 2 2 0 0 1 0 0 1 362 
38 47 55 54 51  45 33 17 17 14 17 10 5 2 0 0 0 0 0 0 367 
39 49 56 55 51 46 34 18 i g  16 i g  12 5 2 o o o o o o 382 
40 50 57 56 52 47 35 i g  21 18 20 14 5 2 o 0 0 0 0 0 396 
(Cont h u e d  ) 
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41 51 58 58 53 47 35 21 23 20 22 17 6 3 o o o o o 2 416 
42 50 58 58 52 45 35 21 22 18 21 15 5 3 o o o o o 2 405 
43 49 57 56 52 46 36 21 21 18 2116 5 3 0 0 0 0 0 2 403 
44 49 56 56 52 46 36 20 21 18 21 17 7 4 0 0 0 0 0 3 406 
45 48 56 56 52 47 38 22 23 ig 22 ig 8 4 o o o o o 1 415 
46 49 56 56 52 47 39 22 23 20 22 18 8 6 o o i o o 1420 
47 47 56 56 52 49 42 24 25 22 23 20 13 8 0 1 1 o o 1440 
48 47 54 54 52 49 43 28 26 23 24 ig 13 8 1 i 2 1 o 3 448 
49 46 53 54 52 50 46 30 27 24 24 19 14 9 3 2 1 1 0 1456 
50 45 52 52 51 50 46 33 28 24 23 16 11 7 2 2 0 0 0 0 442 
51 44 51 5150 49 45 33 28 24 22 17 14 9 4 3 1 0 0 0 445 
52 42 50 50 49 48 45 34 30 25 22 16 14 9 4 4 2 0 0 1445 
53 40 49 50 48 47 45 35 31 26 21 16 14 9 4 5 1 0 0 1 442 
55 36 48 49 47 46 45 38 35 29 20 12 11 7 2 3 1 0 0 0 429 
54 39 49 50 48 47 45 36 33 27 21 14 12 8 3 3 i o o o 436 
56 40 49 49 46 45 45 39 36 28 19 io g 6 o 2 1 0 o o 424 
57 42 50 50 46 44 44 40 36 28 18 io g 7 1 2 2 1 o 0 430 
58 42 50 50 46 43 43 40 36 28 ig g g 7 1 3 3 1 o 0 430 
59 42 48 48 44 40 42 38 36 28 17 7 8 4 o 1 1 0 o 0 404 
60 40 46 46 41 36 38 36 34 24 13 4 2 2 o o o 0 o o 362 
61 40 45 45 40 35 36 35 34 24 14 3 1 1 0 o 0 0 o 0 353 
62 40 43 43 36 32 33 33 32 23 12 2 0 1 0 0 0 0 0 0 330 
63 39 43 42 36 29 31 32 32 23 13 2 o o o o o 0 o 0 322 
64 38 42 42 35 27 29 30 30 22 10 2 0 0 0 0 0 0 0 0 307 
65 39 41 39 33 24 26 27 28 ig io 1 o o o o o o o o 287 
66 39 36 33 28 20 21 24 25 17 g 1 o o o o o o o 0 253 
67 32 32 29 24 17 17 20 23 14 8 1 o o o o 1 0 o 1 219 
68 30 29 25 20 13 12 17 ig 12 7 2 o o o o 1 o o 2 189 
69 32 24 21 17 10 8 13 17 10 5 1 0 0 0 0 1 0 0 0 159 
70 31221814 9 91217 9 4 0 0 0 0 0 0 0 0 0145 
71 30241410 7 5 812 6 2 o o o o o o o o 0118 
72 2515 8 6 5 3 5 7 3 o o o o o o o o o 0 77 
73 1613 5 5 5 3 4 6 2 0 0 0 0 0 0 0 0 0 0 59 
74 1810 5 3 3 2 3 6 1 o o o o 0 0 0 0 o 0 51 
75 14 6 3 3 3 2 2 3 1 o o o o o o 0 0 0 0 37 
76 13 6 2 2 2 1 1  2 o o o o o o o o o o o 29 
77 12 2 1 1  2 3 1 1  o o o 0 o 0 0 0 0 0 0 23 
78 13 4 2 2 2 1 1  1 0  0 0 0 0 0 0 0 0 0 1 2 7  
79 17 3 2 1 2  1 i 1 1  o o o o o o 1 o o i 31 
80 17 3 2 1 2  1 o 1 o o o o o o o o o o o 27 
FIG. 5. THE SPECTRUM OF THE WORD "STORE" AS DERIVED BY THE 
I N P U T  SYSTEM. 
-18- 
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i n d i v i d u a l  peaks) .  The choice o f  f i l t e r s  r e p r e s e n t s  a commitment 
t o  a non-formant - t racking  approach t o  speech  p r o c e s s i n g .  It i s  
based on t h e  h y p o t h e s i s  t h a t  t h e  human p e r c e p t u a l  a p p a r a t u s  does 
n o t  a t t e m p t  t o  r e s o l v e  i n d i v i d u a l  formant t r a c k s ,  b u t  r a t h e r  i s  
s e n s i t i v e  t o  g r o s s  changes i n  energy  c o n c e n t r a t i o n s .  Thus,  when 
two formant f r e q u e n c i e s  come c l o s e ,  as i n  a back vowel, o n l y  one 
b r o a d  energy  c o n c e n t r a t i o n  i s  s e e n  by o u r  i n p u t  sys t em and ,  pre- 
sumably,  by t h e  p e r i p h e r a l  a u d i t o r y  sys t em as w e l l .  An approxi -  
mat ion  t o  t h e  f requency  l o c a t i o n s  o f  formants  c o u l d  be  r e c o v e r e d  
from t h e  s p e c t r a l  data through a n  a n a l y s i s - b y - s y n t h e s i s  p rocedure  
( B e l l ,  e t  a l . ,  1963)  i f  d e s i r e d .  
I n  working w i t h  t h e  i n p u t  sys t em,  i t  has become e v i d e n t  t h a t  two 
q u a l i f i c a t i o n s  s h o u l d  be made conce rn ing  i t s  d e s i g n .  A f i n e r  fre- 
quency r e s o l u t i o n  would be of some h e l p  i n  t h e  f r equency  r e g i o n  
from abou t  300 Hz t o  1200 Hz. A d d i t i o n a l  f i l t e r s  ( o r  a modi f ica-  
t i o n  i n  t h e  s p a c i n g  of t h e  maximum o f  19 f i l t e r s  t o  which w e  are 
l i m i t e d  by t h e  m u l t i p l e x e r  hardware) would h o p e f u l l y  improve t h e  
a b i l i t y  o f  t h e  sys t em t o  d e t e c t  sudden movements i n  energy  con- 
c e n t r a t i o n s  more r e l i a b l y .  The second d e s i g n  improvement t h a t  w e  
would i n c l u d e  i n  a second-genera t ion  i n p u t  s y s t e m  would be a 
s h o r t e n i n g  o f  t h e  a v e r a g i n g  t ime o f  the  low-pass f i l t e r s  by about  
30-40 p e r c e n t .  A t  p r e s e n t ,  sudden changes i n  energy  c o n c e n t r a t i o n s  
are i n d i c a t e d  w i t h  i n s u f f i c i e n t  t empora l  r e s o l u t i o n .  T h i s  l a t t e r  
improvement might b e  accompanied by an i n c r e a s e  i n  t h e  d i g i t a l  
s ampl ing  ra te  from 100  s p e c t r a  p e r  second t o  abou t  200 s p e c t r a  
per  second.  
A detai led d e s c r i p t i o n  -3f t he  e l e c t r o n i c  c i r c u i t s  o f  o u r  i n p u t  
sys t em i s  c o n t a i n e d  i n  Appendix A .  T h i s  s y s t e m  was des igned  and 
b u i l t  b y  K .  N.  S t e v e n s  and G. von Bismarck ( 1 9 6 7 ) .  
-19- 
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111. PROPERTY EXTRACTION SYSTEM 
An unknown word i s  r e p r e s e n t e d  i n  the  computer by  a m a t r i x  o f  i n -  
tegers ( f i l t e r  number vs .  sampled t i m e  vs .  l og -ampl i tude ) .  The 
purpose  o f  a p r o p e r t y  o r  f e a t u r e  e x t r a c t i o n  s y s t e m  i s  t o  r educe  
t h e  informat ion  c o n t e n t  of t h e  i n p u t  s i g n a l  t o  a l e v e l  t h a t  makes 
it p o s s i b l e  f o r  t h e  d e c i s i o n  o r  r e c o g n i t i o n  a l g o r i t h m  t o  o p e r a t e  
r e a s o n a b l y .  The c r i t i c a l  t h i n g  i s  t h a t  the i n f o r m a t i o n  e l i m i n a t e d  
s h o u l d  b e  in fo rma t ion  which is i r r e l e v a n t  t o  t h e  d e c i s i o n  t h a t  t h e  
r e c o g n i t i o n  a lgo r i thm must make. 
The p r i n c i p a l  r e s u l t  o f  t h i s  r e s e a r c h  has been  the development o f  
a s e t  of  feature d e f i n i t i o n s  which c h a r a c t e r i z e  speech  s p e c t r a  i n  
a way t h a t  makes r e c o g n i t i o n  p o s s i b l e .  The f e a t u r e  d e f i n i t i o n s  
have evo lved  through t h e  cour se  o f  t h e  research and r e p r e s e n t  a 
g r a d u a l  l e a r n i n g  by t h e  r e s e a r c h e r s  o f  t h e  r e l e v a n t  c h a r a c t e r i s -  
t i c s  o f  speech as  s e e n  by t h e  i n p u t  s y s t e m .  
been t o  make use of  t h e  p r e s e n t  day body o f  knowledge about  acous- 
t i c  p h o n e t i c s  and t h e  d i s t i n c t i v e  f e a t u r e  approach  t o  p h o n o l o g i c a l  
d e s c r i p t i o n  (Jakobson,  e t  a l e ,  1963; Chomsky and Halle, 1968) .  A 
similar o r i e n t a t i o n  i s  e x e m p l i f i e d  by  t h e  work o f  Hughes and Hem- 
d a l  (1965) .  
The approach  has 
The p r o p e r t i e s  of speech  which are used  by t h e  r e c o g n i t i o n  program 
are based on t h e  energy  measures  d e r i v e d  from t h e  i n p u t  system. 
The o u t p u t  o f  each  f i l t e r  i s  an e l emen ta ry  f u n c t i o n  o f  t h e  speech  
i n p u t  s i g n a l .  We use  t h e  n o t a t i o n  F n ( i )  f o r  t h e  o u t p u t  of f i l t e r  
- n a t  sample i n t e r v a l  i; t ha t  i s  F l ( i ) ,  F 2 ( i ) ,  ... , F l g ( i )  are 
used  f o r  t h e  output  o f  f i l t e r s  1 th rough  19 a t  sample i n t e r v a l  - i. 
The f i l t e r  number - n r anges  from 1 f o r  t he  low f r equency  f i l t e r  t o  
19 f o r  t h e  h igh  f requency  f i l t e r ;  and - i-1 f o r  the  f irst  sample 
i n t e r v a l  t o  i=200  f o r  t h e  las t  t i m e  sample of a two second u t t e r -  
ance .  
-20- 
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More compl i ca t ed  f u n c t i o n s  of t h e  speech  i n p u t  s i g n a l  can t h e n  be 
d e f i n e d  i n  terms o f  these elementary ( b a s e )  f u n c t i o n s ,  F1, ... F19, 
i n  t h e  LISP sys tem.  For  example, t h e  f o l l o w i n g  f u n c t i o n  has been 
found t o  c o r r e l a t e  w i t h  p e r c e i v e d  loudness ,  independent  o f  vowel 
q u a l i t y .  
L o u d ( i )  = F l ( i )  + F 2 ( i )  t F 3 ( i )  t F 4 ( i )  + F 1 2 ( i )  - F 7 ( i )  
The o u t p u t  o f  t h e  s e v e n t h  f i l t e r  i s  s u b t r a c t e d  from t h e  sum o f  t h e  
first f o u r  f i l t e r s  and f i l t e r  1 2  t o  compensate f o r  t h e  f a c t  t ha t  
low vowels are i n h e r e n t l y  more i n t e n s e  when produced w i t h  t h e  same 
v o c a l  e f f o r t .  We w i l l  i n d i c a t e  l a t e r  how a mod i f i ed  v e r s i o n  o f  
t h i s  f u n c t i o n  L o u d ( i )  can be used  t o  c o r r e c t  f o r  d i f f e r e n c e s  i n  
r e c o r d i n g  l e v e l  between r e p e t i t i o n s  o f  t h e  same word. 
L o u d ( i )  i s  u s e f u l  i n  reducing  the  i n f o r m a t i o n  t h a t  must be  pro- 
c e s s e d  by t h e  d e c i s i o n  a lgo r i thm,  s i n c e  it h e l p s  t o  no rma l i ze  t h e  
i n p u t  w i t h  r e s p e c t  t o  a v a r i a b l e  which i s  n o t  i m p o r t a n t  t o  recog-  
n i t i o n ,  namely, t h e  r e c o r d i n g  l e v e l  o f  t h e  i n p u t  s i g n a l .  We de- 
s c r i b e  i n  t h i s  s e c t i o n  a number o f  t e c h n i q u e s  which are used  t o  
r educe  t h e  i n f o r m a t i o n  conten t  o f  t h e  incoming s i g n a l  i n  ways t h a t  
p r e s e r v e  t h e  i n v a r i a n c e  of message i d e n t i t y  o v e r  r anges  o f  para- 
meters which are i r r e l e v a n t  t o  t h e  d e c i s i o n  about  t h e  i d e n t i t y  o f  
t h e  message. 
One impor t an t  way we have found t o  r educe  the  i n f o r m a t i o n  c o n t e n t  
o f  a f u n c t i o n  i s  t o  r educe  i ts  range  o f  v a l u e s .  Thus,  f o r  example,  
w e  may d e f i n e  a reduced  i n f o r m a t i o n  p r o p e r t y  Amp2(i) based o n l y  
on t h e  o u t p u t  o f  f i l t e r  F2. 
-21- 
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A m p 2 ( i ) = + l  i f  F(2) > 40 
0 i f  F ( 2 )  > 20 
-1 otherwise 
A m p 2 ( i )  i s  t h u s  a 3 va lued  f u n c t i o n ,  where w e  ascr ibe no  s i g n i f i -  
cance t o  t h e  names o f  t h e  th ree  v a l u e s .  A s  descr ibed  l a t e r ,  a Set 
o f  n o n - l i n g u i s t i c  t h r e s h o l d  p r o p e r t i e s  similar t o  A m p 2  can be  used 
as a basis f o r  r e c o g n i t i o n .  However, w e  n o t e  t h e  f o l l o w i n g  prob- 
l e m .  I f  t h e  s igna l  i n  F2 were v a r y i n g  around e i t h e r  o f  t h e  
t h r e s h o l d s ,  20 o r  40 ,  t h e n  there would be l i t t l e  s i g n i f i c a n c e  t o  
t h e  changes of s t a t e  between -1 t o  0 ,  o r  0 t o  1; t h e y  p robab ly  
would be caused more by n o i s e  t h a n  a real  ( s i g n i f i c a n t )  v a r i a t i o n  
i n  t h e  i n p u t  s i g n a l .  
To make such  p r o p e r t i e s  less  s e n s i t i v e  t o  n o i s e ,  w e  i n t r o d u c e  a 
h y s t e r e s i s  r e g i o n  around t h e  t h r e s h o l d s .  T h i s  h e l p s  t o  i n s u r e  
t h a t  a change of  s t a t e  i s  s i g n i f i c a n t .  A r e v i s e d  d e f i n i t i o n  of  
A m p 2 ( i )  i s  
A m p 2 ( i )  = t1 i f  [ F 2 ( i )  > 401 o r  [ F 2 ( i )  > 37 and F2( i -1)  = 11 
0 i f  [ F 2 ( i )  > 201 o r  [ F 2 ( i )  > 17 and F2(i-1)  # - 1 3  
-1 o t h e r w i s e  
Most o f  t h e  f e a t u r e s  w e  use  are f u n c t i o n s  o f  sampled t i m e  hav ing  
a range  l i m i t e d  t o  a small number o f  d i s t i n g u i s h a b l e  s ta tes .  
f u n c t i o n s  are very  s e n s i t i v e  t o  s l i g h t  changes i n  t i m e  s c a l e  and 
o r i g i n ;  however, these v a r i a t i o n s  i n  t h e  data are i r r e l e v a n t  f o r  
r e c o g n i t i o n .  
by t r ans fo rming  t h e  t i m e  f u n c t i o n  i n t o  a sequence  o f  t r a n s i t i o n s  
o f  s ta tes ,  as i s  i l l u s t r a t e d  i n  t h e  f o l l o w i n g  example: 
These 
T h e r e f o r e ,  t i m e  dimension i s  removed from a f e a t u r e  
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i 1 2  3 4 5 6 7 8  g ... 
V o i c e ( i )  0 0 1 1  1 1  1 1  o ... 
Voice = 0 1 0 ... 
T h i s  t r a n s f o r m a t i o n  reduces  t h e  amount o f  data t h a t  must be  mani- 
p u l a t e d  by t h e  program. Due t o  t h e  n a t u r e  o f  spoken language ,  t h e  
e x a c t  t i m e  when f e a t u r e s  change va lue  w i l l  vary  from r e p e t i t i o n  t o  
r e p e t i t i o n  o f  t h e  same word, b u t  t h e  e s s e n c e  o f  t h e  word remains  
i n  t h e  sequence o f  s t a t e  t r a n s i t i o n s  o f  an a p p r o p r i a t e  s e t  o f  
f e a t u r e s .  
No i n f o r m a t i o n  about  t h e  word o n s e t  t i m e ,  s p e a k i n g  r a t e ,  and 
s p e a k i n g  rhythm can be recovered  from t h e  sequence  u n l e s s  these 
parameters have an  e f f e c t  on t h e  a c t u a l  s t a t e s  t h a t  are reached. 
To t h i s  e x t e n t ,  r e c o g n i t i o n  w i l l  b e  unpe r tu rbed  by v a r i a t i o n s  i n  
word o n s e t  t i m e ,  speak ing  r a t e ,  and speak ing  rhythm. 
A problem t h a t  arises from c o l l a p s i n g  t h e  t i m e  dimension i s  an 
i n a b i l i t y  t o  t e l l  whether t w o  f e a t u r e s  were i n  s p e c i f i c  s t a t e s  a t  
t h e  same time. Time removal assumes t h a t  f e a t u r e s  independen t ly  
c h a r a c t e r i z e  a word. T h i s  i s  obv ious ly  fa lse .  A c l e a r  example 
i s  p rov ided  by t h e  words " s u e ,  zoo" which can  only be d i s t i n g u i s h e d  
by  knowing whether  t h e  s t r i d e n t  i s  s i m u l t a n e o u s l y  vo iced ,  o r  n o t .  
It i s  p o s s i b l e  t o  r e t a i n  some t i m i n g  i n f o r m a t i o n  b y  t h e  i n c l u s i o n  of 
f e a t u r e s  c o n t a i n i n g  s ta tes  which are e n t e r e d  only  upon s imul t aneous  
s a t i s f a c t i o n  o f  two c o n d i t i o n s ,  o r  f e a t u r e s  t h a t  count  t h e  number 
of t i m e  samples between t e m p o r a l  landmarks i n  t h e  data  and change 
s ta te  i f  t h e  count exceeds  a t h r e s h o l d .  
For  example, t h e  s t a t e  "-1" corresponds t o  v o i c e l e s s  segments i n  
t h e  d e f i n i t i o n  o f  t h e  s p e c t r a l  q u a l i t y  [ r l - l i k e ( i ) .  T h i s  i s  used 
t o  i n d i c a t e  i n  which vo iced  segment an [ r l - l i k e  phone occur red .  
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The sequence produced f o r  t h e  word " ra t lo"  s h o u l d  be -1, 1, 0 ,  -1, 
0, -1. 
n e c e s s a r y  and would c e r t a i n l y  be more d i f f i c u l t .  
g r o s s  t i m i n g  in fo rma t ion  i s  s a t i s f a c t o r y  f o r  r e c o g n i t i o n .  Two 
f e a t u r e s  are used t o  make a p r e l i m i n a r y  d i v i s i o n  o f  a word o r  
message i n t o  one o r  s e v e r a l  segments .  
i n t o  voiced  and v o i c e l e s s  segments and t h e  o t h e r  d i v i d e s  i t  i n t o  
s y l l a b l e s .  V o i c e ( i )  and S y l l a b l e ( i )  are t h e n  used  t o  i n t r o d u c e  
t i m e  markers i n  t h e  d e f i n i t i o n s  o f  o t h e r  f e a t u r e s .  
A more d e t a i l e d  l o c a l i z a t i o n  of t h e  [r] i s  p robab ly  no t  
We found t h a t  ve ry  
One f e a t u r e  d i v i d e s  a word 
T ime  removal achieves  t h e  most s i g n i f i c a n t  r e d u c t i o n  i n  t h e  i n f o r -  
mat ion c o n t e n t  o f  t h e  raw data. I n f o r m a t i o n  c o n t e n t  i s  a l s o  re- 
duced when the  i n t e n s i t y  and f i l t e r  number ( f r e q u e n c y )  dimensions 
are t ransformed i n t o  changes o f  s ta te  o f  selected f u n c t i o n s .  The 
i n f o r m a t i o n  r e t a i n e d  by these t r a n s f o r m a t i o n s  can be i n c r e a s e d  by 
(1) an  i n c r e a s e  i n  t h e  number o f  d i s t i n g u i s h a b l e  s ta tes ,  o r  ( 2 )  
an i n c r e a s e  i n  the  number o f  f e a t u r e  d e t e c t o r s .  
I n f o r m a t i o n  manipulab le  b y  t h e  r e c o g n i t i o n  a l g o r i t h m  can  a l s o  be 
o b t a i n e d  by  mapping t h e  v a l u e  o f  a f u n c t i o n  a t  a p a r t i c u l a r  t i m e  
i n t e r v a l  i n t o  a small  r ange  o f  v a l u e s .  F o r  example,  f e a t u r e s  
which c l a s s i f y  the  vowel q u a l i t y  o f  t h e  stressed s y l l a b l e  o f  an 
u t t e r a n c e  i n t o  one o f  10 c a t e g o r i e s  have been  found t o  be very 
u s e f u l  i n  r e c o g n i t i o n .  
t h e  a id  o f  a f u n c t i o n  L o u d ( i )  t h a t  computes an approx ima t ion  t o  
t h e  p e r c e i v e d  loudness  of a vowel. 
s y l l a b l e  are l e s s  l i k e l y  t o  b e  affected by t h e  n a t u r a l  v a r i a b i l i t y  
t h a t  c h a r a c t e r i z e s  t h e  speech  p r o c e s s  ( S t e v e n s ,  1 9 6 8 ) .  
The stressed s y l l a b l e  i s  i d e n t i f i e d  w i t h  
These f e a t u r e s  o f  a stressed 
Three t y p e s  of i n f o r m a t i o n  are a v a i l a b l e  f o r  e v a l u a t i n g  and re- 
d e f i n i n g  f e a t u r e s .  
p r i n t - o u t s  o f  t h e  s p e c t r a  produced by t he  54 word vocabu la ry  o f  
Gold (1967)  r e p e a t e d  once b y  2 speakers.  The word l i s t  appears 
The p r i m a r y  data s o u r c e  is  a s e t  o f  computer 
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i n  T a b l e  2;  an example o f  t h e  computer p r i n t o u t s  is shown i n  
F i g .  5 ear l ie r .  
A f e a t u r e  d e f i n i t i o n  t h a t  appears  t o  work f o r  t h i s  data i s  tes ted  
on 9 o t h e r  r e c o r d i n g s  of t he  same word l i s t  by t h e  two speakers. 
One r e s u l t  o f  t h i s  t e s t  i s  a se t  o f  r e c o g n i t i o n  s c o r e s :  X p e r c e n t  
c o r r e c t  i d e n t i f i c a t i o n  f o r  each r e p e t i t i o n  of t h e  word l i s t .  T h i s  
i s  u s u a l l y  no t  a s u f f i c i e n t l y  s e n s i t i v e  measure o f  f e a t u r e  p e r f o r -  
mance, s o  w e  a l s o  o b t a i n  a p r i n t o u t  o f  t h e  feature c h a r a c t e r i z a t i o n  
of each  word i n  each  r e p e t i t i o n  of t he  vocabulary  f o r  a l l  f e a t u r e  
d e f i n i t i o n s .  Examples of  f e a t u r e  c h a r a c t e r i z a t i o n  f o r  t h e  Gold 
vocabu la ry  are c o n t a i n e d  i n  Appendix B. 
From t h i s  inforbmat ion  w e  m i g h t  f i n d  t h a t ,  f o r  example, t h e  f e a t u r e  
V o i c e ( i )  produces a sequence 01010 f o r  some r e p e t i t i o n s  o f  t h e  
word " d i v i d e " .  Each "1" r e p r e s e n t s  a vo iced  segment and each  "0" 
r e p r e s e n t s  an unvoiced segment. Reference  t o  t h e  o r i g i n a l  spec-  
t r a l  p r i n t o u t  f o r  " d i v i d e t t  suggests t h a t  t h e  problem is a weakly 
vo iced  [v] ;  sometimes t h e  vo ic ing  i n  [v ]  f a l l s  below o u r  t h r e s h o l d  
s e t t i n g ,  sometimes n o t .  
A t  t h i s  p o i n t  w e  would lower t he  v o i c i n g  t h r e s h o l d  and obse rve  t h e  
r e s u l t s .  We might f i n d  t ha t  a vocabulary  i t e m  w i t h  two vo iced  
segments  (e.g.  "compare") now sometimes produces t h e  i n c o r r e c t  
sequence  010 ,  i n d i c a t i n g  only one vo iced  segment.  A simple s o l u -  
t i o n ,  t h r e s h o l d  a d j u s t m e n t ,  is i n c a p a b l e  o f  making t h e  v o i c i n g  
d e f i n i t i o n  conform t o  o u r  l i n g u i s t i c  i n t u i t i o n .  More i m p o r t a n t l y ,  
t h e  s i m p l e  ad jus tment  does no t  produce c o n s i s t e n t  r e s u l t s .  
However, o u r  r e c o g n i t i o n  a l g o r i t h m  i s  powerfu l  enough t o  deal 
wi th  ambigui ty  i n  t h e  vo ic ing  ass ignment  o f  some vocabulary  items, 
and t h u s  w e  d i d  not  deve lop  a more s o p h i s t i c a t e d  v o i c i n g  a l g o r i t h m .  
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I 
I 
r i t h m .  Yhe redundancy of t h e  f e a t u r e  d e f i n i t i o n s  a l l o w s  recog-  I 
We made no a t tempt  t o  use  ra te  o f  v o i c i n g  o n s e t ,  o f f s e t ,  time be- 
tween b u r s t  and energy  bui ld-up  f o r  s tops ,  e t c . ,  as a d d i t i o n a l  
cues  t o  a b e t t e r  f e a t u r e  d e f i n i t i o n .  I n  a l l  t h e  f e a t u r e s  used ,  
t h e  ambigui ty  remains a t  a l e v e l  t o l e r a b l e  t o  t h e  r e c o g n i t i o n  a lgo-  
n i t i o n  o f  v a r i a t i o n s  o f  the same message. 
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I V .  R E C O G N I T I O N  ALGORITHM 
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Our r e c o g n i t i o n  a l g o r i t h m  i s  a program t h a t  l e a r n s  t o  i d e n t i f y  a 
word by a s s o c i a t i n g  t h e  o u t p u t s  o f  v a r i o u s  p r o p e r t y  e x t r a c t o r s  
w i t h  t h a t  word. During l e a r n i n g ,  t h e  vocabu la ry  of words i s  pre- 
s e n t e d  a number o f  times, and i n f o r m a t i o n  i s  accumulated about  t h e  
d i f f e r e n t  ways t h a t  t h e  speake r  may pronounce each  word. F o r  
example,  t h e  r e s u l t  o f  t h e  t r a i n i n g  p rocedure  app l i ed  t o  t h e  
f e a t u r e  sequence Voice a f t e r  5 p r e s e n t a t i o n s  o f  t h e  b w o r d  vocabu- 
l a r y  "one, two, s u b t r a c t ,  mu l t ip ly"  might be :  
Word 
one  
two 
-
s u b t r a c t  
m u l t i p l y  
m u l t i p l y  
Sequence 
010 
010 
01010 
0101010 
01010 
Number of times 
sequence  o c c u r r e d  
5 
5 
5 
3 
2 
The two v e r s i o n s  o f  t h e  word l l m u l t i p l y "  exempl i fy  a common problem. 
No matter where w e  p l a c e  t h r e s h o l d  b o u n d a r i e s ,  there  are some words 
t h a t  are t r ea t ed  i n c o n s i s t e n t l y  by t h e  f e a t u r e  d e t e c t o r s .  Another  
way o f  p u t t i n g  i t  i s  t o  s a y  that  there appear t o  be no  a b s o l u t e  
b o u n d a r i e s  a l o n g  t h e  dimensions w e  have chosen.  
a l g o r i t h m  takes t h i s  fundamental  l i m i t a t i o n  i n t o  account  and makes 
a best guess  g i v e n  t h e  imperfect n a t u r e  o f  t h e  p r o p e r t i e s .  
The r e c o g n i t i o n  
The program f i r s t  r e o r g a n i z e s  t h e  t r a i n i n g  data f o r  each  p r o p e r t y  
i n t o  a l i s t  of these sequences ( o r  o t h e r  o u t p u t s )  t h a t  have 
o c c u r r e d .  The l i s t  f o r  Voice o f  o u r  example i s  shown below: 
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Sequence (Word, f requency  1 
0 10 one 5 ,  two 5 
01010 s u b t r a c t  5, m u l t i p l y  2 
0101010 m u l t i p l y  3 
I f  a new u t t e r a n c e  i s  p r e s e n t e d  t o  t he  program f o r  r e c o g n i t i o n  and  
t h e  f e a t u r e  V o i c e ( i )  p roduces  t h e  sequence 01010, t h e n  Voice 
w i l l  regis ter  one vo te  f o r  t h e  word " s u b t r a c t "  and one v o t e  f o r  
t h e  word "mult iply11.  
b u l a r y  word e l i c i t i n g  v o t e s  from t h e  most f e a t u r e s .  T y p i c a l l y ,  
t h e  i d e n t i f i e d  word r e c e i v e d  a v o t e ,  s i g n i f y i n g  a p e r f e c t  match, 
from on ly  about 80 p e r c e n t  o f  t h e  f e a t u r e s .  
The unknown word i s  i d e n t i f i e d  as t h e  voca- 
I n  c a s e  of  t i e s ,  the  program makes u s e  of i n f o r m a t i o n  conce rn ing  
t h e  number of t imes  a word appears a t  a node. 
and " m u l t i p l y "  t i e  f o r  first p l a c e  i n  t he  v o t i n g  from a l l  t h e  
f e a t u r e s  and Voice=01010, t h e n  Voice w i l l  r eg is te r  5 v o t e s  f o r  
" s u b t r a c t "  and 2 v o t e s  f o r  "mul t ip ly11  i n  t he  run-off between these 
two c a n d i d a t e s .  
Thus, if " s u b t r a c t "  
The f i n a l  d e c i s i o n  p rocedure  i s  an a t t empt  t o  f i n d  t h e  message 
from t h e  set  o f  p o s s i b l e  i n p u t s  which i s  most similar t o  the  
c u r r e n t  i n p u t  message. 
way peop le  say t h i n g s ,  the  d e c i s i o n  p rocedure  does n o t  i n s i s t  
t h a t  t h e  c u r r e n t  i n p u t  must be l i k e  one o f  t h e  p r o t o t y p e  i n p u t  
s t r i n g s  i n  a l l  ways tha t  it was c a t e g o r i z e d ;  t h a t  i s ,  it need n o t  
be  s u g g e s t e d  by a l l  p r o p e r t i e s .  
p rocedure  a l l o w s  a g e n e r a l i z a t i o n  of t he  o r i g i n a l  t r a i n i n g  l e a r n -  
i n g  by looking  f o r  a best  f i t  w i t h o u t  p u t t i n g  a bound on t h e  good- 
n e s s  of t h i s  f i t .  
Because t he re  i s  a wide v a r i a t i o n  i n  t h e  
I n  t h i s  s e n s e ,  t h e  d e c i s i o n  
-2 8- 
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The p r o p e r t y  sequences have been cons ide red  as independent  charac-  
t e r i z a t i o n s  o f  t h e  i n p u t  message. I n  t h i s  case, by independent  w e  
do n o t  mean t h a t  the computations themselves  are n e c e s s a r i l y  inde-  
penden t ,  b u t  t h a t  these d e s c r i p t o r s  o f  t h e  i n p u t  message are 
t reated independent ly  i n  t h e  d e c i s i o n  p r o c e s s .  With t h e  assumption 
o f  independence,  t h e  v o t i n g  procedure  i s  s imi la r  t o  a maximum 
l i k e l i h o o d  estimate. 
The a p r i o r i  p r o b a b i l i t i e s  of a l l  messages are t h e  same. There- 
f o r e ,  t h e  most l i k e l y  message i s  t h e  one f o r  which t h e  p roduc t  of 
t h e  a p o s t e r i o r i  p r o b a b i l i t i e s  ( o r  t h e  sum o f  t h e i r  l o g a r i t h m s )  
i s  a maximum. For  each  p r o p e r t y ,  eve ry  message, Mi, p r e v i o u s l y  
a s s o c i a t e d  w i t h  t h e  c u r r e n t  i n p u t  sequences  Si i s  g iven  a ( s c a l e d )  
l o g  p r o b a b i l i t y  of 100+Ni, w h e r e  Nibl i s  t h e  f requency  w i t h  which 
Mi was s e e n  f o r  Si. 
are g i v e n  l o g - p r o b a b i l i t y  0 and can t h e r e f o r e  be  ignored  i n  t h e  
summation. These assignments  of p r o b a b i l i t i e s  a c h i e v e  i n  one 
s tep a s c o r e  which a l lows  a s i n g l e  search t o  de te rmine  t h e  most 
l i k e l y  message. 
Messages n o t  a s s o c i a t e d  w i t h  Si i n  t r a i n i n g  
It has been e x p e r i m e n t a l l y  determined t h a t  t h i s  v o t i n g  scheme 
works as w e l l  o r  b e t t e r  than a number o f  o t h e r  measures t h a t  make 
use  o f  t h e  same i n f o r m a t i o n .  For  example,  w e  t r i e d  t h e  a d j u s t e d  
w e i g h t  used by Tei te lman ( 1 9 6 4 )  i n  A R G U S ,  a hand p r i n t e d  c h a r a c t e r  
r e c o g n i z e r  ( a  s i m i l a r l y  s t r u c t u r e d  p a t t e r n  r e c o g n i z e r )  ; and a 
we igh t  o f  log( l+Ni)  which i s  a good small sample p r o b a b i l i t y  e s t i -  
mate o f  t h e  a p o s t e r i o r i  p r o b a b i l i t y  of Si. 
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V.  FUNCTIONS AND PROPERTIES USED I N  R E C O G N I T I O N  
The p r i n c i p a l  r e s u l t s  of t h i s  research have been t h e  development 
o f  p r o p e r t i e s  which c h a r a c t e r i z e  speech  i n p u t  s i g n a l s  i n  a way 
t o  make r e c o g n i t i o n  p o s s i b l e .  These p r o p e r t i e s  have evolved  o v e r  
t h e  cour se  o f  t h e  r e s e a r c h ,  and r e p r e s e n t  a g r a d u a l  l e a r n i n g  by 
t h e  r e s e a r c h e r s  of c h a r a c t e r i s t i c s  o f  speech  as s e e n  th rough  t h e  
"ear" of  o u r  input  spectrum a n a l y z e r  f i l t e r  bank. Two d i f f e r e n t  
sets o f  r e c o g n i t i o n  p r o p e r t i e s  are i n c l u d e d  here.  The f i rs t  i s  a 
se t  o f  p r o p e r t i e s  and f u n c t i o n s  which t e n d  t o  desc r ibe  t h e  speech  
s i g n a l  i n  more l i n g u i s t i c  terms. T r a n s i t i o n s  of these p r o p e r t i e s  
descr ibe  f e a t u r e s  of t h e  i n p u t  message which can  be unde r s tood  
i n  terms o f  t h e  o r d i n a r y  l i n g u i s t i c  d e s c r i p t i o n s  o f  such  messages. 
I n  t h i s  way, they t e n d  t o  be more s p e a k e r  independent  t h a n  t h e  second 
se t  o f  p r o p e r t i e s  which are descr ibed.  
The second set of p r o p e r t i e s  used f o r  r e c o g n i t i o n  descr ibed  below 
e x t r a c t  f e a t u r e s  o f  t h e  s p e c t r a l  shape  of a message. The i r  ex- 
treme s i m p l i c i t y  makes  them seem idea l  f o r  hardware implementa t ion ,  
and t h e i r  h i g h  accuracy  i n  r e c o g n i t i o n  t e s t i f i e s  t o  t h e  uni form 
way t h a t  people  t e n d  t o  s a y  a p a r t i c u l a r  message. A t  l eas t  there  
seems t o  be a f a i r  u n i f o r m i t y  as s e e n  t h r o u g h  o u r  spec t rum a n a l y z e r .  
A .  L i n g u i s t i c  F e a t u r e s  
We d i s t i n g u i s h  f u n c t i o n s ,  such as L o u d ( i ) ,  which have a domain 
e q u a l  t o  t h e  inpu t  s p e c t r a l  r e p r e s e n t a t i o n  o f  an  unknown word; 
f e a t u r e s ,  such as V o i c e ( i ) ,  which are f u n c t i o n s  t h a t  are used i n  
r e c o g n i t i o n  a n d  have a range  l i m i t e d  t o  a small  number o f  s t a t e s ;  
and f e a t u r e  sequences,  such  as Voice,  which are t h e  r e s u l t  o f  
removing t h e  t i m e  dimension from a f e a t u r e .  The f o l l o w i n g  f u n c t i o n s  
are used i n  t h e  d e f i n i t i o n s  of a s e t  of 15 f e a t u r e s .  ~ l l  f u n c t i o n s  
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have a s i n g l e  v a r i a b l e ,  i, which  r e p r e s e n t s  an i n d e x  o v e r  t i m e .  
The n o t a t i o n  F 6 ( i )  w i l l  be used t o  deno te  t h e  o u t p u t  o f  f i l t e r  6 
at  time sample i. 
F u n c t i o n s  
1. L o u d ( i )  =F1(1)  + F 2 ( i )  + F 3 ( i )  + MAX [ F 2 ( i ) ,  F 4 ( i ) ]  
+ MAX [ 2 ( F 3 ( i )  - F 4 ( i ) ) ,  03.  
T h i s  f u n c t i o n  i s  i n t e n d e d  t o  p r o v i d e  a measure o f  t h e  
p e r c e p t u a l  l oudness  o f  vowels.  P e r c e p t u a l  l oudness  i s  
related t o  voca l  e f f o r t  whereas t h e  a c o u s t i c  energy  i n  a 
vowel depends i n  part on t h e  v o c a l  t r a c t  c o n f i g u r a t i o n  as 
we l l  as voca l  e f f o r t .  Fo r  example, t h e  low vowel,  [a], 
f o r  which t h e  voca l  t r a c t  i s  r e l a t i v e l y  open w i l l  have a 
greater n a t u r a l  i n t e n s i t y  t h a n  t h e  high vowel, [i], f o r  
which t h e  v o c a l  t r a c t  i s  more c l o s e d  (Lehis te  and P e t e r s o n ,  
1 9 5 9 ;  F a n t ,  1960). The f u n c t i o n  i s  i n t e n d e d  t o  compensate 
f o r  t h e  reduced  l e v e l  a s s o c i a t e d  w i t h  a low f irst  formant .  
2. a h ( i )  = F 3 ( i )  + F 4 ( i )  - F l ( i )  - F 2 ( i ) .  
T h i s  f u n c t i o n  and t h e  f o l l o w i n g  two f u n c t i o n s  are used t o  
c h a r a c t e r i z e  t h e  s p e c t r a l  q u a l i t y  o f  the vowel n u c l e i  o f  
a word. The vowels L l ,  a ,  u] r e p r e s e n t  l i m i t i n g  a r t i c u -  
l a t o r y  p o s i t i o n s  f o r  t h e  tongue  body. The vowel [a] ,  as 
i n  "po t " ,  i s  produced by p l a c i n g  t h e  tongue  as f a r  back 
and as low as p o s s i b l e  w i t h o u t  producing  a c o n s t r i c t e d  
v o c a l  t r a c t  (and  t h e r e f o r e  a consonan t ) .  An a c o u s t i c  
c o r r e l a t e  o f  t h i s  a r t i c u l a t i o n  i s  a h igh  f i r s t  fo rman t ,  
r e s u l t i n g  i n  a g r e a t e r  o u t p u t  i n  f i l t e r s  3 and 4 t h a n  i n  
f i l t e r s  1 and 2.  The f u n c t i o n  ah ( i )  w i l l  t h e r e f o r e  b e  a 
maximum when vowels w i t h  a high f i rs t  formant  s imi la r  t o  
[a] are produced. 
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3 .  e e ( i )  = F 9 ( i )  + F l O ( i )  t F l l ( i )  + F 1 2 ( i )  - 2 F 6 ( i )  - 2 F 7 ( i ) .  
The vowel [i] as i n  "beet"  i s  produced by p o s i t i o n i n g  Lie 
tongue body as h igh  and as forward  i n  t h e  mouth as p o s s i b l e .  
An a c o u s t i c  c o r r e l a t e  o f  t h i s  a r t i c u l a t i o n  i s  a low f i rs t  
formant and a h igh  second and t h i r d  fo rman t ,  r e s u l t i n g  i n  
an energy  minimum i n  f i l t e r s  6 and 7 ,  and an  ene rgy  con- 
c e n t r a t i o n  between f i l t e r s  9 and 1 2 .  The f u n c t i o n  e e ( l >  
w i l l  t h e r e f o r e  b e  a maximum f o r  vowels similar t o  [I]. 
4 .  O O ( i )  = F3(1 )  + F 4 ( i )  + F 5 ( i )  - F 8 ( i )  - F l O ( i )  - F 1 2 ( 1 )  
- F l 4 ( i )  - F 1 6 ( i ) .  
The vowel [u ]  as i n  "boot"  i s  produced by p o s i t i o n i n g  t h e  
tongue body as h igh  and as f a r  back i n  the mouth as 
p o s s i b l e .  An a c o u s t i c  c o r r e l a t e  o f  t h i s  a r t i c u l a t i o n  i s  
a low first  and second formant ,  r e s u l t i n g  i n  a major  
energy c o n c e n t r a t i o n  below F7 and reduced  energy  above 
F7. The f u n c t i o n  o o ( i )  w i l l  t h e r e f o r e  be a maximum f o r  
vowels similar t o  CUI. 
5. e r ( i )  = F 7 ( i )  + F 8 ( i )  - F 4 ( i )  - F 1 2 ( i ) .  
T h i s  f u n c t i o n  i s  s imi la r  t o  t h e  vowel f u n c t i o n s  i n  form, 
b u t  has t h e  t a sk  o f  d e t e c t i n g  s p e c t r a  c h a r a c t e r i s t i c  of 
t h e  consonanta l  and s y l l a b i c  a l l o p h o n e s  o f  [r]. The low 
t h i r d  formant c h a r a c t e r i s t i c  of [r] and [$I (as t h e  vowel 
i n  B e r t )  p roduces  a d i s t i n c t  s p e c t r a l  shape w i t h  an energy  
c o n c e n t r a t i o n  c e n t e r e d  i n  f i l t e r s  7 and 8 ,  a d i p  i n  ene rgy  
a t  f i l t e r  4 between t h e  f irst  and second f o r m a n t s ,  and an 
absence o f  energy above F10 due t o  the  low t h i r d  formant .  
The f u n c t i o n  e r ( i )  w i l l  t h e r e f o r e  be a maximum when phones 
s i m i l a r  t o  [r ,  ;?I are produced.  
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6 .  s t r ( i )  = F 1 6 ( i )  t F 1 7 ( i )  t F 1 8 ( i )  t F 1 9 ( i ) .  
T h i s  f u n c t i o n  i s  a maximum when h igh  f requency  f r i c a t i o n  
energy i s  p r e s e n t .  The s t r i d e n t  phones produce i n t e n s e  
h igh  frequency energy, whereas a n o n - s t r i d e n t  f r i c a t i v e  
produces a small  energy peak i n  f i l t e r  19 .  The f u n c t i o n  
s t r ( i )  w i l l  t h e r e f o r e  be a maximum f o r  many a l lophones  
o f  [s ,  z ,  s ,  z ,  c ,  j ,  t ,  k ] ,  which are t h e  f i rs t  con- 
s o n a n t s  i n  [ s i n ,  Zen, s h i n ,  a z u r e ,  c h i n ,  g i n ,  t i n ,  k i n ]  
r e s p e c t i v e l y .  
v v v p  
7. d s p e c t ( i )  = l a h ( i )  - ah(i-111 t l e e ( i )  - e e ( i ) [  
t l o o ( i )  - o o ( i - l )  I 
T h i s  f u n c t i o n  i s  a computa t iona l ly  i n e x p e n s i v e  approxi-  
mat ion t o  a s p e c t r a l  d e r i v a t i v e .  The f u n c t i o n  w i l l  be  a 
maximum when t h e  spectrum i s  changing r a p i d l y ,  as f o r  
example i n  a consonanta l  t r m s i t i o n .  Dspect (i) i s  used 
as an a i d  i n  d e l i m i t i n g  s y l l a b l e  boundar i e s .  It i s  
a l s o  used t o  d i s t i n g u i s h  ee- l ike vowels from some conso- 
nant-vowel t r a n s i t i o n s  t h a t  produce a momentary peak i n  
t h e  - u n c t i o n  e e ( i ) .  
8. c v ( i )  = sum o f  F l ( i )  through F 1 6 ( i ) .  
T h i s  f u n c t i o n  t e n d s  t o  b e  g r e a t e r  f o r  vowels t h a n  f o r  
a d j a c e n t  consonants .  T h i s  i s  because  a c o n s t r i c t e d  o r  
c l o s e d  v o c a l  t r a c t  c o n f i g u r a t i o n  r e s u l t s  i n  a reduced  
a c o u s t i c  o u t p u t  i n  the f requency range  spanned by these 
f i l t e r s .  The func t ion  i s  used t o  d e t e c t  s y l l a b l e  boun- 
daries. 
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9 .  damp(i)  = sum of F l ( i )  th rough F 1 9 ( i )  minus sum of  
F l ( i - 1 )  t h rough  F l 9 ( i - l ) .  
T h i s  f u n c t i o n  i n d i c a t e s  a sudden i n c r e a s e  i n  energy  i n  
a l l  f i l t e r s .  It w i l l  be a maximum f o r  s t o p  releases and 
sudden v o i c i n g  o n s e t s .  It i s  used t o  d e t e c t  s t o p  b u r s t s .  
F e a t u r e s  
The p r e c e d i n g  f u n c t i o n s  are used i n  t h e  computa t ion  o f  t h e  f o l l o w i n g  
f e a t u r e s .  The u s u a l  i n t e r p r e t a t i o n  of  t h e  three f e a t u r e  v a l u e s  
( s t a t e s )  i s :  "-1" i m p l i e s  t h a t  t h e  p r o p e r t y  i s  i r r e l e v a n t  f o r  t h i s  
t ime i n t e r v a l ;  " 0 "  means t h a t  t h e  p r o p e r t y  i s  r e l e v a n t  b u t  n o t  
p r e s e n t ;  and ''1" means t h a t  t h e  p r o p e r t y  i s  r e l e v a n t  and p r e s e n t .  
1. V o i c e ( i )  = 1 i f  [ F i l ( i ) > t l ]  o r  [ F 2 ( i ) > t l - 5  and Vo ice ( i -1 )  = 1 3  
0 o t h e r w i s e  
t l  = 34 
A hys te re s i s  reg ion  o f  5 u n i t s  i s  employed about  t h e  t h r e s h o l d ,  
t l ,  t o  e n s u r e  that a change o f  s ta te  is  s i g n i f i c a n t  and no t  due t o  
random f l u c t u a t i o n s  i n  l e v e l .  The e f f e c t  o f  t h e  second c o n d i t i o n a l  
p a r t  o f  t h e  d e f i n i t i o n  i s  t o  keep V o i c e ( i )  i n  i t s  c u r r e n t  s t a t e  
f o r  v a l u e s  o f  F 2 ( i )  between 30 and 3 4 ,  t h e  hys te res i s  r e g i o n .  
An unknown word may vary  c o n s i d e r a b l y  i n  o v e r a l l  r e c o r d i n g  l e v e l  
i f  t h e  speake r  moves w i t h  r e s p e c t  t o  t h e  micronhone o r  c h a n g e s  h i s  
voca l  e f f o r t .  It  i s  much easier  t o  compensate f o r  r e c o r d i n g  l e v e l  
by modifying the  t h r e s h o l d ,  t l ,  t h a n  by a t t e m p t i n g  t o  modify the 
raw data. The maximum v a l u e  a t t a i n e d  by t h e  t i m e  f u n c t i o n  L o u d ( i )  
i s  used f o r  t h i s  n o r m a l i z a t i o n :  
Maxloud = Maxi [ L o u d ( i ) ]  
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L o u d ( i )  a t t a i n s  i t s  maximum value  n e a r  t h e  midpoin t  o f  t h e  stressed 
vowel nuc leus .  For  a speaker p o s i t i o n e d  c o r r e c t l y  i n  f r o n t  o f  a 
microphone and speak ing  a t  a comfor t ab le  l e v e l ,  a t y p i c a l  v a l u e  f o r  
Maxloud i s  200. Threshold  n o r m a l i z a t i o n  i s  accomplished by com- 
p u t i n g  a new t h r e s h o l d ,  tit, f o r  each unknown word a c c o r d i n g  t o  t h e  
f o l l o w i n g  formulae:  
t l '  = t l+ (200/Maxloud) 
The method f a i l s  i f  t h e  r eco rd ing  l e v e l  i n c r e a s e s  t o  s a t u r a t i o n  
o r  decreases below background n o i s e .  The e f f e c t i v e  r ange  f o r  
r e c o r d i n g  l e v e l  s e n s i t i v i t y  i s  somewhat less t h a n  t h e  f u l l  45 
d e c i b e l  range  o f  t h e  i n p u t  s y s t e m .  
The fundamental  vo ice  frequency o f  a male speaker w i l l  va ry  from 
about  90 t o  180 Hz. The g r e a t e s t  energy  due t o  v o i c i n g  w i l l  appear 
i n  t h e  low f requency  f i l t e r s  because  energy i n  t h e  harmonics o f  
t h e  l a r y n g e a l  s o u r c e  f a l l s  o f f  a t  about  1 2  db p e r  o c t a v e .  V o i c e ( i )  
looks a t  t h e  energy i n  f i l t e r  2 .  I f  t h i s  energy  exceeds  a t h r e s h o l d ,  
v o i c i n g  i s  p r e s e n t ,  o therwise  n o t .  T h i s  s imp le  d e f i n i t i o n  has 
worked s u r p r i s i n g l y  w e l l .  The greatest  d i f f i c u l t y  has been i n  
t r e a t i n g  f i n a l  vo iced  s t o p  r e l e a s e s  c o n s i s t e n t l y ,  and i n  d e t e c t i n g  
v o i c i n g  energy  i n  some voiced f r i c a t i v e s .  
2. S y l l a b l e ( i )  = 1 when t h e  f u n c t i o n  C v ( i )  i s  s i g n i f i c a n t l y  
0 when t h e  f u n c t i o n  C v ( i )  i s  s i g n i f i c a n t l y  
i n c r e a s i n g  
dec reas ing  
o the rwise ,  se t  t o  same va lue  as i n  p r e v i o u s  
t i m e  sample.  
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The p r e c i s e  computation i s  most e a s i l y  s ta ted  i n  terms o f  a pro-  
gram segment.  Peak and V a l l e y  are v a r i a b l e s  i n d i c a t i n g  t h e  l o c a l  
maximum and minimum i n  t h e  f u n c t i o n  C v ( i ) .  T ime  i s  a v a r i a b l e  
tha t  c o u n t s  t h e  number of t i m e  samples d u r i n g  which S y l l a b l e ( i )  
has remained i n  t h e  same s t a t e .  
S y l l a b l e ( 0 )  = 0, Val l ey  = 0 ,  Peak = 0 ,  
T i m e  = 6 ,  Cv(0) = 0 
Do f o r  i = 1 i n  s t e p s  of 1 t o  200 :  
T i m e  = Time t 1 
i f  [ S y l l a b l e ( i - 1 )  = 01 ,  Go To 1 
i f  [ C v ( i - l ) > P e a k ] ,  Peak = Cv(i -1)  
S y l l a b l e ( i )  = 1 
i f  [[Time<6] o r  [ [Cv( i )>Peak  - 701 and [ D s p e c t ( i ) < 3 5 ] ]  o r  
[Cv( i )>Peak  - 2011, Go To 2 
S y l l a b l e ( i )  = 0 ,  Va l l ey  = 1000 ,  T i m e  = 0 
Go To 2 
1 i f  [Cv:( i -1)<Valley] ,  Va l l ey  = Cv(i -1)  
S y l l a b l e ( i )  = 0 
i f  [[Time<6] o r  [ V o i c e ( i )  = 0 3  o r  [ [ D s p e c t ( i ) < 3 5 1  and 
[ C v ( i ) < V a l l e y  t 4 0 1 3  o r  [ C v ( i ) < V a l l e y  + 2031, 
Go To 2 
S y l l a b l e ( i )  = 1, Peak = 0 ,  Time = 0 
2 Continue 
The  times a t  which t h i s  f e a t u r e  changes s ta te  do n o t  d e l i m i t  
p r e c i s e  s y l l a b l e  b o u n d a r i e s .  The f e a t u r e  u s u a l l y  g i v e s  an  a c c u r a t e  
count o f  t h e  number of s y l l a b l e s  i n  a word and p r o v i d e s  a rough 
segmen ta t ion .  Examples of  d i f f i c u l t i e s  w i t h  S y l l a b l e ( i )  i n c l u d e  
a f r e q u e n t l y  missed t h i r d  s y l l a b l e  i n  " b i n a r y "  and t h e  s e g m e n t a t i o n  
i n t o  two s y l l a b l e s  o f  some r e p e t i t i o n s  of t h e  words I 'four" and 
co re" .  I? 
- 36- 
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3.  Stress ( i )  = 1 i f  L o u d ( i )  = Maxloud f o r  t h e  f i r s t  t i m e .  
0 i f  S y l l a b l e ( i )  = 1 
-1 o the rwise  
Maxloud = Maxi [Loud( i )  1 
T h i s  f e a t u r e  i s  des igned  t o  i n d i c a t e  which s y l l a b l e  o f  a word i s  
t h e  one which has t h e  maximum loudness  and i s  t h e r e f o r e  t h e  
stressed s y l l a b l e .  Stress assignment has worked very  w e l l .  The 
only  word f o r  which stress assignment has n o t  c o n s i s t e n t l y  agreed 
w i t h  the expec ted  s t ress  assignment i s  "overf low",  and t h i s  may 
be due t o  v a r i a t i o n s  i n  t h e  a c t u a l  stress g i v e n  t h e  word by o u r  
speakers. 
#+ 
4 .  [ a ] - l i k e ( i )  = -1 i f  V o i c e ( i )  = 0 
1 i f  C a h ( i ) > l J  o r  L a h ( i ) > - 2  and 
[a]-like (i-1) = 13 
0 o the rwise  
T h i s  f e a t u r e  i n d i c a t e s  t h e  presence  of t h e  vowels [a ,  o";, 
i n  many p h o n e t i c  environments ,  t h e  vowels i n  [ p o t ,  b o a t  , bought  , 
b a t  , b u t ]  r e s p e c t i v e l y .  
,& , 4 1 
5. [ i ] - l i k e ( i )  = -1 i f  V o i c e ( i )  = 0 
1 i f [ [ e e ( i ) > 1 6 ] o r  [ [ i ] - l i k e ( i - l )  = 1 and e e ( i ) > 8 ] J  
and Flg (i) <25 
and D s p e c t ( i ) < 3 0  
0 o the rwise  
T h i s  f e a t u r e  i n d i c a t e s  t h e  presence  o f  t h e  vowels [i,r , e y ,  E 1 
( t h e  vowels i n  [beat ,  b i t ,  b a i t ,  b e t )  i n  many p h o n e t i c  envi ronments .  
The two a d d i t i o n a l  c l a u s e s  i n v o l v i n g  F 1 9 ( i )  and D s p e c t ( i )  are 
-37- 
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u t i l i z e d  t o  e l i m i n a t e  fa l se  r e sponses  t o  s t r i d e n t s  and c o n s o n a n t a l  
t r a n s i t i o n s  w h i c h  are momentarily [ i l - l i k e .  
6 .  [ u ] - l i k e ( i )  = -1 i f  [ V o i c e ( i >  = 0 1  
1 if [ o o ( i ) > t 2  o r  [ [ u l - l i k e ( i - 1 )  = 1 
and o o ( i ) > t 2 - 7 ] ]  and F 2 ( i ) > F l ( i )  
0 ot’lerwise 
t 2  = 32 
T h i s  f e a t u r e  i n d i c a t e s  t h e  p re sence  o f  t h e  vowels [ u , ? r ,  o d ,  3 1 
( t h e  vowels i n  [boo t ,  book, b o a t ,  bought ] )  i n  many p h o n e t i c  
envi ronments .  The a d d i t i o n a l  c l a u s e  i n v o l v i n g  F l ( i )  and F 2 ( i )  
i s  i n t e n d e d  t o  e l i m i n a t e  r e sponses  t o  consonan t s  such  as 
[m, n ,  1, w] .  It h a s  been found n e c e s s a r y  t o  i g n o r e  any t r a n s i -  
t i o n s  t o  t h e  “1” s t a t e  i n  t h e  f e a t u r e s  [ i ] - l i k e ( i )  and [ u ] - l i k e ( i )  
i f  t h e y  l a s t  less  t h a n  6 t i m e  samples .  Even w i t h  t h i s  a d d i t i o n a l  
c o n s t r a i n t ,  a number o f  consonants  are a s s i g n e d  one o f  t h e s e  vowel- 
l i k e  q u a l i t i e s .  I n  a d d i t i o n ,  there  a p p e a r  t o  be  no n a t u r a l  
t h r e s h o l d  boundar ies  i n  t h e  vowel -qua l i ty  s p a c e  s o  t h a t  a c e r t a i n  
p e r c e n t a g e  o f  t h e  vocabulary  i s  t r ea t ed  i n c o n s i s t e n t l y  by each  
f e a t u r e .  
7.  [ r ] - l i k e ( i )  = -1 i f  [ V o i c e ( i >  = 0 1  
1 i f  C C e r ( i ) > l 8  and F 3 ( i ) - F 4 ( 1 ) > 5 ]  
o r  [ e r ( i ) > l 4  and [ r ] - l i k e ( i - l )  = 131 
0 o t h e r w i s e  
T h i s  f e a t u r e  i n d i c a t e s  t h e  p r e s e n c e  of [r,.;f] i n  many p h o n e t i c  
envi ronments .  The c l a u s e  i n v o l v i n g  F 3 ( i )  and F 4 ( i )  i s  i n t e n d e d  
t o  e n s u r e  that t h e  f i r s t  formant f r equency  i s  n o t  h i g h .  The low 
-38- 
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t h i r d  fclrmant o f  these phones produces  a spectrum t h a t  i s  d i s t i n c t  
and r e l a t i v e l y  easi ly  d i f f e r e n t i a t e d  from a l l  o t h e r  speech s p e c t r a ,  
The f e a t u r e  works c o n s i s t e n t l y  excep t  f o l l o w i n g  v o i c e l e s s  s t o p s  
and i n  some u n s t r e s s e d  i n t e r v o c a l i c  p o s i t i o n s .  
8. S t r i d e n t ( i 1  i s  most easily d e f i n e d  i n  terms o f  a program 
segment:  
Maxs t r  = 0 t 3  = 70 
Do f o r  i = 1 i n  s t e p s  o f  1 t o  200 
i f  n o t  [[[str(i)>t3] o r  [ [ s t r ( i ) > t 3 - 2 0 )  and 
[ S t r i d e n t  (i-1) = 1111 and [ s t r ( i ) > M a x s t r - 3 0 ]  and 
[ [ s t r ( i>>s t r ( i - l ) ]  o r  [ S t r i d e n t ( i - l ) =  l]]] 
Go To 1 
Maxst r  = Max [Maxstr, s t r ( i ) ]  
S t r i d e n t ( i )  = 1 
Go To 3 
1 Maxst r  = 0 
i f  V o i c e ( i )  = 1 GO t o  2 
S t r i d e n t ( i )  = 0 
Go To 3 
2 S t r i d e n t ( i )  = -1 
3 Continue 
T h i s  f e a t u r e  i n d i c a t e s  the  presence  o f  [ s ,  z, s", z,] and a l s o  
[ t ,  d ,  k, g]  i n  c e r t a i n  phone t i c  environments  ( g e n e r a l l y  i n  
stressed p o s i t i o n  and fol lowed by a f r o n t  vowel) .  The f l o a t i n g  
t h r e s h o l d ,  Maxstr, i s  employed t o  d i v i d e  a sequence of two 
s u c c e s s i v e  s t r i d e n t s  (e .g . ,  [st])  i n t o  two s t r i d e n t  segments 
separated by  t h e  s ta te  "-1". 
- 39- 
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9 .  S t r i d - s t o p ( i )  = 0 i f  L s t r i d e n t ( i )  = 1 
1 i f  S t r i d e n t ( i )  = 1 
-1 o t h e r w i s e  
where L s t r i d e n t ( i )  i s  t h e  same as S t r i d e n t ( l . 1  excep t  t h a t  t h e  
s ta te  I c + l r l  must o c c u r  f o r  more t h a n  6 t i m e  samples o r  i t  i s  t r a n s -  
formed t o  the s t a t e  -1. 
s t r i d e n t  segment and p l a c e s  i t  i n  one of  two c a t e g o r i e s .  
g e n e r a l ,  a long s t r i d e n t  is a c o n t i n u a n t  and a s h o r t  s t r i d e n t  i s  
a s t o p .  However, i n  many p h o n e t i c  env i ronmen t s ,  v o i c e l e s s  s t o p s  
may have an  a s p i r a t i o n  d u r a t i o n  t h a t  i s  l o n g e r  t h a n  t h e  f r i c a t i o n  
d u r a t i o n  of  a n  i n t e r v o c a l i c  f r i c a t i v e .  
T h i s  p r o p e r t y  computes t h e  l e n g t h  o f  a 
I n  
10 .  F r i c a t i v e ( i )  = 1 i f  [ [ F 1 9 ( i ) > t 4 l  o r  [ [ F l 9 ( i ) > t 4 - 4 ]  
and [ F r i c a t i v e ( i - 1 )  = 111 
and [Loud( i )<120] ]  
0 i f  V o i c e ( i )  = 0 
-1 o t h e r w i s e  
t 4  = 6 
T h i s  f e a t u r e  looks f o r  t h e  h igh  f requency  ene rgy  c h a r a c t e r i s t i c  
of [ f ,  v ,  0,3'1, ( t h e  i n i t i a l  consonants  o f  [ f i n ,  vend, t h i n ,  t h e n ] ) .  
S t r i d e n t  phones g e n e r a l l y  exceed  t h e  t h r e s h o l d  and are a l s o  d e t e c t e d  
by F r i c a t i v e ( i ) .  
r e sponse  t o  a loud v o c a l i c  sound i n  which ene rgy  i s  spread o v e r  
t h e  e n t i r e  spec t rum.  
sends  a great d e a l  o f  i n f o r m a t i o n  about  a word t o  t he  r e c o g n i t i o n  
a l g o r i t h m ,  b u t  n e i t h e r  f e a t u r e  i s  as c o n s i s t e n t  i n  i t s  a n a l y s i s  
of an unknown word as a s imple  f e a t u r e  such  as V o i c e ( i ) .  
The upper  bound on L o u d ( i )  i s  used t o  p r e v e n t  a 
A f e a t u r e  l i k e  F r i c a t i v e ( 1 )  o r  S t r i d e n t ( i )  
I 
I 
-40- 
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T h i s  f e a t u r e  de tec ts  t h e  sudden o n s e t  o f  energy  i n  a l l  f i l t e r s  
t h a t  i s  c h a r a c t e r i s t i c  o f  t h e  release o f  a s t o p .  The s t o p  b u r s t  
i s  d i s t i n g u i s h e d  from a r a p i d  v o i c i n g  o n s e t  by r e q u i r i n g  t h e  
energy  i n  F 2 ( i )  t o  e i t h e r  be low o r  no t  i n c r e a s i n g .  The "-1" 
state  fo l lowing  a b u r s t  i s  removed i f  i t  i s  less t h a n  3 t i m e  
samples long .  T h i s  t r a n s f o r m a t i o n  i s  an only  p a r t i a l l y  s u c c e s s f u l  
attempt t o  s i g n a l  vo iced  s t o p s  by t h e  sequence  111,01' and v o i c e l e s s  
s t o p s  by t h e  sequence " l , - l , O .  I1  
12. Nasal(i)  = -1 i f  Voice( i -2)  = 0 
1 if [Loud(i)-Loud(i- l )>5 
o r  [Nasal(i-1) = 1 
and Loud(i  ) -Loud ( i-1) >111 
and [ah(i) - a h ( i - 1 ) > 5  
o r  a h ( i )  = a h ( i - 2 ) I  
0 o therwise  
T h i s  f e a t u r e  looks f o r  a voiced segment fo l lowed b y  a sudden 
i n c r e a s e  i n  loudness  and a r i s i n g  f i rs t  formant f requency .  A 
n a s a l  fo l lowed by [i] does not s a t i s f y  t h i s  c r i t e r i o n ,  b u t  n a s a l s  
I n  many o t h e r  environments  a r e  d e t e c t e d .  I n i t i a l  [j] i s  f r e q u e n t l y  
a l s o  detected by t h e  f e a t u r e .  F e a t u r e s  t h a t  look f o r  dynamic 
proper t ies  of  t h e  i n p u t  spec t r a  are n o t  e a s y  t o  d e f i n e  e f f i c i e n t l y .  
T h i s  r e l a t i v e l y  s imple  a lgor i thm does n o t  g i v e  a very  s a t i s f a c t o r y  
d e f i n i t i o n  o f  n a s a l i t y .  
. 9 
I 
I 
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13-15. There are three o t h e r  f e a t u r e s  of a somewhat d i f f e r e n t  I 
I 
I 
t y p e .  
c h a r a c t e r i z a t i o n  of t h e  s t ressed vowel i n  t h e  unknown word. The 
f e a t u r e s ,  c a l l e d  [a]-stress, [ I ] - s t r e s s ,  and [ u l - s t r e s s  r e s p e c t i v e l y ,  
c h a r a c t e r i z e  t h e  spec t rum a t  a s i n g l e  t i m e  s ample ,  t h a t  p o i n t  
d u r i n g  t h e  s t r e s s e d  vowel when L o u d ( i )  r e a c h e s  a maximum f o r  t he  
word. 
These f e a t u r e s  are i n t e n d e d  t o  g i v e  a f a i r l y  p r e c i s e  
The r anges  o f t h e  f u n c t i o n s  a h ( i ) ,  e e ( i ) ,  and o o ( i )  have been 
d i v i d e d  i n t o  10 r e g i o n s  co r re spond ing  t o  t h e  10  p o s s i b l e  s t a t e s  
o f  t h e  th ree  s p e c i a l  f e a t u r e s :  
UPPER BOUND ON R E G I O N  
I 
I 
I 
I 
I 
A t y p i c a l  s t r e s s e d  [I] phone might  be c h a r a c t e r i z e d  bv t h e  
s t a t e s  [a]-stress=g , [i l-stress=l,  and [ u ] - s t r e s s = 6 .  It has been  
found tha t  t h i s  c h a r a c t e r i z a t i o n  i s  r e l a t i v e l y  s tab le  f o r  a g i v e n  
word. Most words f a l l  i n t o  two o r  at  most three s t a t e s  f o r  each  
o f  t h e  f e a t u r e s .  
~I 
I 
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A set  o f  abstract  n o n - l i n g u i s t i c a l l y  o r i e n t e d  p r o p e r t i e s  was 
d e f i n e d  n e a r  t h e  end o f  t h e  r e s e a r c h  p r o j e c t  i n  o r d e r  t o  t e s t  t h e  
Derformance o f  t h e  l i n g u i s t i c a l l y  o r i e n t e d  f e a t u r e s  j u s t  descr ibed .  
The p r o p e r t i e s  are i n t e n d e d  t o  take advantage  of  some o f  t h e  
c o n s t r a i n t s  t h a t  apply  t o  speech s p e c t r a ,  b u t  t o  b e  unaware o f  
t h e  de ta i led  p h o n e t i c  content  o f  t h e  words. 
There are two d i s t i n c t  types o f  s p e c t r a l  shape p r o p e r t i e s  t h a t  
were used i n  t h i s  s e t .  The f i r s t  n i n e t e e n  p r o p e r t i e s  c r u d e l y  
c a t e g o r i z e  t he  shape o v e r  time o f  t h e  o u t p u t  o f  each o f  t h e  
n i n e t e e n  f i l t e r s ,  i n d i v i d u a l l y  , w i t h  no a t t e n t i o n  p a i d  t o  
c o r r e l a t i o n  between f i l t e r s .  T h e r e  are th ree  r e g i o n s  o f  l l i n t e r e s t i '  
i n  t h e  o u t p u t .  The s p e c t r a l  p r o p e r t y  is  g i v e n  t h e  v a l u e  "-1" 
i f  t h e  o u t p u t  i s  i n  t h e  lowest r e g i o n ,  "0" i n  t h e  middle  r e g i o n ,  
and ''1'' i n  t h e  h ighes t  r e g i o n .  A hys t e re s i s  r e g i o n  around t h e  
t r a n s i t i o n  t h r e s h o l d  i s  used t o  p r e v e n t  many t r a n s i t i o n s  when t h e  
f i l t e r  o u t p u t  i s  n e a r  t h e  border of  these  r e g i o n s .  
Formal ly ,  w e  d e f i n e  a set  of 19 s p e c t r a l  ampl i tude  p r o p e r t i e s ,  
S n ( i ) ,  as f o l l o w s ,  where the  n o t a t i o n  F n ( i )  deno tes  t h e  o u t p u t  
o f  f i l t e r  n a t  t h e  ith sample i n t e r v a l :  
S n ( i )  = 1 if [Fn( i )>B]  o r  [ [Fn( i )>B-81 and [ S n ( i - l ) = l ] ]  
0 if [Fn( i )>A]  o r  [ [Fn(i)>A-8]  and [ S n ( i - l ) #  -111 
-1 o t h e r w i s e  
iI 
I  
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n 1 2 3 4 5 6 7 8 9 1 0  11 1 2  1 3  1 4  15 1 6  1 7  1 8  
A 37 34 30 25 20 30 25 20 1 5  25 2 1  1 8  1 5  20 1 5  17 20 1 7  
B 50 47 4 4  40 35 45 40 35 30 38 34 3 1  2 7  35 30 30 30 25  
19 
1 3  
30 
The t h r e s h o l d  values  i n  t h i s  t ab l e  shou ld  b e  mod i f i ed  i f  there 
i s  a change i n  r e c o r d i n g  l e v e l .  T h i s  can be done i n  t h e  same 
way as p rev ious ly  d e s c r i b e d  f o r  t h r e s h o l d s  i n v o l v i n g  l i n g u i s t i c  
f e a t u r e s .  
Another t e n  p rope r t i e s  are used which roughly  desc r ibe  the  
c o r r e l a t i o n  between a d j a c e n t  f i l t e r s  f o r  t h e  lower  t e n  f i l t e r s .  
These p r o p e r t i e s  c a t e g o r i z e  t h e  d i f f e r e n c e s  between e n e r g i e s  i n  
a d j a c e n t  f i l t e r s .  The three a l t e r n a t i v e s  are:  t h e  nex t  h ighe r  
band has s i g n i f i c a n t l y  more ene rgy ,  s i g n i f i c a n t l y  less e n e r g y ,  
o r  about  t h e  same ene rgy ,  as i t s  lower  n e i g h b o r .  These p r o p e r t i e s  
are g iven  va lues  "l", "-1" , and "0"  r e s p e c t i v e l y  i n  these cases. 
Formal ly ,  we define a se t  o f  1 0  s p e c t r a l  d i f f e r e n c e  p r o p e r t i e s ,  
D n ( i ) ,  as fo l lows ,  where n=1, 2, ... , 1 0  and m=n+l: 
- 4 4 -  
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A change o f  s ta te  f o r  one of these p r o p e r t i e s  i n d i c a t e s  tha t  t h e  
s p e c t r a l  shape of t h e  c u r r e n t  t i m e  sample d i f f e r s  from t h e  s p e c t r a l  
shape  o f  t h e  p r e v i o u s  t i m e  sample. A change o f  s ta te  i s  n o t  pro-  
duced b y  a s imple  change i n  l e v e l .  T h i s  i s  because  t h e  l a r g e  
hys t e re s i s  r e g i o n  around t h e  t h r e s h o l d s  p r e v e n t s  a p r o p e r t y  from 
changing s t a t e  f o r  t h e  equal ene rgy  c a s e .  
The t h r e s h o l d s  f o r  t h e  two t y p e s  o f  p r o p e r t i e s  were s e l e c t e d  s o  
t h a t  each  s ta te  cou ld  be reached by a t  l ea s t  some o f  t h e  vocabu- 
l a r y  items. The 29 p r o p e r t i e s  produce sequences  o f  s ta tes  used  
i n  r e c o g n i t i o n .  We can compare d i r e c t l y  these r e c o g n i t i o n  s c o r e s  
w i t h  t h o s e  produced by s t a t e  sequences  from t h e  15  l i n g u i s t i c  
f e a t u r e s .  
-45- 
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V I .  RESULTS 
The r e s u l t s  o f  t h i s  r e s e a r c h  are best d e s c r i b e d  i n  three parts. 
We f i rs t  describe t h e  e x p e r i m e n t a l  p r o c e d u r e  and t h e  r e s u l t s  o f  
t h e  r e c o g n i t i o n  system i n  an o p t i m a l  ( q u i e t )  envi ronment .  We t h e n  
d e s c r i b e  an experiment  which i n d i c a t e s  t h e  b e h a v i o r  o f  t h e  s y s t e m  
when degraded  by added n o i s e .  F i n a l l y ,  w e  d i s c u s s  a t e c h n i q u e  by 
which w e  e v a l u a t e  i n d i v i d u a l  p r o p e r t i e s  when t h e  r e c o g n i t i o n  ra te  
g e t s  so  h i g h  t h a t  improvements can on ly  be  measured i n d i r e c t l y .  
A .  Recogni t ion  Exper iments  
As benchmark expe r imen ta l  data, w e  r e c o r d e d  a word l i s t ,  Table 2 ,  
used  by Ben Gold i n  o ther  speech  r e c o g n i t i o n  e x p e r i m e n t s .  ‘ rn i s  
l i s t  was recorded  i n  a q u i e t  room (S/N r a t i o  > 35 d b )  as spoken 
1 0  times b y  t w o  s p e a k e r s ,  KS and CW. Both had been used  as sub- 
j e c t s  b y  Gold. K S  and CW were a l s o  r e c o r d e d  5 times e a c h  on two 
o t h e r  l i s t s ,  a n  augmented I n t e r n a t i o n a l  Word S p e l l i n g  a lphabe t ,  
T a b l e  3 ,  and a message l i s t  t y p i c a l  o f  one t h a t  might be used  i n  
a NASA m i s s i o n  c o n t e x t ,  Table  4. 
The messages were r e c o r d e d  on h i g h  q u a l i t y  magne t i c  tape a t  
7 1/2 i p s ,  w i t h  app rox ima te ly  two seconds  gap between words.  F o r  
a lmost  a l l  exper iments  w e  used  a d i g i t a l  tape c o n t a i n i n g  t h e  6 b i t  
l o g a r i t h m s  o f  t h e  f i l t e r  bank o u t p u t  sampled e v e r y  1 0  m i l l i s e c o n d s .  
Only i n  t h e  no i se  d e g r a d a t i o n  exper iment  was the  a n a l o g  i n p u t  u sed  
d i r e c t l y  . 
-4 6- 
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i n s e r t  
delete  
replace 
move 
read 
b i n a r y  
s ave 
c o r e  
d i r e c t i v e  
l i s t  
l o a d  
s t o r e  
add 
s u b t r a c t  
z e r o  
one 
two 
three  
f o u r  
f i v e  
s i x  
seven 
e igh t  
n i n e  
mu1 t i p  l y  
d i v i d e  
numb e r 
B o l t  Beranek and Newman I n c  
name 
end 
s c a l e  
c y c l e  
s k i p  
j ump 
address 
over f low 
p o i n t  
c o n t r o l  
r e g i s t e r  
word 
exchange 
i n p u t  
o u t p u t  
make 
i n t e r s e c t  
compare 
accumulate  
memory 
b i t e  
q u a r t e r  
h a l f  
whole 
u n i t e  
dec imal  
o c t a l  
TABLE 2 .  Word L i s t  From Ben Gold 
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z e r o  
one 
two 
three 
f o u r  
f i v e  
s i x  
seven  
e i g h t  
n i n e r  
a f f irmat i ve 
nega t  i v e  
a l p h a  
b r a v o  
C h a r l i e  
d e l t a  
e c h o  
f o x t r o t  
g o l f  
I 
I B o l t  Beranek and Newman I n c  
h o t e l  
I n d i a  
J u l i e t  
k i l o  
Lima 
Mike 
November 
Oscar 
Papa 
Quebec 
Romeo 
Sierra 
t ango  
uni form 
V i c t o r  
wh i skey  
x-ray 
Yankee 
Zulu 
TABLE 3 .  I n t e r n a t i o n a l  Word S p e l l i n g  
Alphabet and Numbers 
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one 
two 
three 
f o u r  
f i v e  
s i x  
e i g h t  
n i n e  
p o i n t  
p l u s  
s t o p  
z e r o  
seven  
minus 
p r e s s  u r e  
n e g a t i v e  
what i s  yaw 
what i s  p i t c h  
end  repeat 
a f f i r m a t i v e  
I n c l i n a t i o n  
d i s t a n c e  t o  ear th  
B o l t  Beranek and Newman I n c  
d i s t a n c e  t o  dock 
f u e l  t a n k  c o n t e n t  
t i m e  t o  s u n r i s e  
t i m e  t o  s u n s e t  
o r b i t  apogee 
o r b i t  perigee 
r e v o l u t i o n  t i m e  
c l o s i n g  ra te  t o  dock 
midcourse c o r r e c t i o n  t i m e  
micrometeoroid d e n s i t y  
r a d i a t i o n  count  
what i s  a t t i t u d e  
remain ing  c o n t r o l  p u l s e s  
a l t e r n a t e  splashdown p o i n t  
weather a t  splashdown p o i n t  
sea and wind a t  splashdown p o i n t  
v i s i b i l i t y  a t  splashdown p o i n t  
t empera tu re  a t  splashdown p o i n t  
s k i n  t empera tu re  
power consumption 
f u e l  c e l l  c a p a c i t y  
repeat a t  i n t e r v a l s  
TABLE 4. Message L i s t  From NASA Context 
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A t r a i n i n g  round c o n s i s t s  of one r e p e t i t i o n  of t h e  e n t i r e  word 
l i s t  i n  which the  computer makes an i d e n t i f i c a t i o n  a t t e m p t ,  i s  
t o l d  t h e  c o r r e c t  r e sponse ,  and s t o r e s  t h e  c h a r a c t e r i z a t i o n  of t h i s  
message f o r  use i n  f u t u r e  i d e n t i f i c a t i o n .  With f o u r  rounds o f  
t r a i n i n g  u t i l i z i n g  t h e  l i n g u i s t i c  p r o p e r t i e s ,  t h e  s y s t e m  r e c o g n i z e d  
c o r r e c t l y  (gave as unambiguous f irst  c h o i c e )  51 and 52 o u t  o f  
54 words of t h e  Ben Gold l i s t  f o r  KS and CW r e s p e c t i v e l y .  E a r l y  
expe r imen t s  i n d i c a t e d  t h a t  a d d i t i o n a l  t r a i n i n g  would n o t  i n c r e a s e  
t h e  r e c o g n i t i o n  s c o r e s  a f t e r  r e a c h i n g  i t s  asymptote ,  and these 
95 +% c o r r e c t  s c o r e s  were a v a i l a b l e  a f t e r  on ly  3 rounds o f  t r a i n i n g .  
F u r t h e r  exper iments  gave speaker KS 38 o u t  o f  38 c o r r e c t  on t h e  
I n t e r n a t i o n a l  Word S p e l l i n g  Alphabet and 43 o u t  o f  4 4  c o r r e c t  on 
t h e  N A S A  message s e t ,  i n d i c a t i n g  t h e  u s e f u l n e s s  o f  these l i n g u i s t i c  
p r o p e r t i e s  on o t h e r  message sets.  T y p i c a l  r e c o g n i t i o n  ra tes  f o r  
t h e  Gold l i s t  as a f u n c t i o n  o f  t r a i n i n g  rounds are shown i n  
Tab le  5 .  
w i t h  more t h a n  4 rounds o f  t r a i n i n g .  P a r t  o f  t h e  d i f f i c u l t y  i s  
t h a t  these  l a t e r  rounds were r e c o r d e d  a t  a d i f f e r e n t  t i m e .  T h i s  
i n d i c a t e s  t h a t  some d e g r a d a t i o n  i n  performance may be e x p e c t e d  
under  less w e l l  c o n t r o l l e d  c o n d i t i o n s .  
Note t h e  l a c k  of improvement ( and  o s c i l l a t i o n  of s c o r e s )  
Some i n c o r r e c t  r e s p o n s e s  are l i s t e d  i n  T a b l e  6 ( f o r  K S  on t h e  Gold 
l i s t  a f t e r  4 t r a i n i n g  r o u n d s ) .  These c o n f u s i o n s  g i v e  an i n d i c a t i o n  
of  t h e  types  of p h o n e t i c  i n f o r m a t i o n  t h a t  i s  n o t  w e l l  r e p r e s e n t e d  
by t h e  n o n - l i n g u i s t i c  f e a t u r e s .  F o r  example ,  the  " fou r -co re"  
confus ion  s u g g e s t s  t h a t  f r i c a t i o n  n o i s e  o f t e n  f a l l s  below t h e  
lower th re sho lds  of  t h e  f i l t e r s ,  and t h a t  formant  t r a n s i t i o n s  are 
n o t  s u f f i c i e n t l y  d i s t i n c t  t o  t r i g g e r  d i f f e r e n t  s t a t e  t r a n s i t i o n s  
f o r  t h i s  word pa i r .  It i s  e x p e c t e d  t h a t  some improvements could  
be  made i n  the  t h r e s h o l d  s e t t i n g s  by s t u d y i n g  the  data o f  Tab le  6 .  
-50- 
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TABLE 5. 
T y p i c a l  Recogni t ion S c o r e s  (KS) 
Previous  T r a i n i n g  
Ben Gold L i s t  
Alphabet 
NASA L i s t  
Guess 
1 2 3 4 5 6 7 8 9  P e r f e c t  
43 44 49 5 1  47 45 52 49 5 1  
30 36 34 38 
35 3 7  43 4 3  
A l t e r n a t e  Splashdown P o i n t  
Core,  o r  Whole 
Memory 
One 
TABLE 6. 
Typica l  Mistakes 
C o r r e c t  Answer 
Weather a t  Splashdown P o i n t  
Four 
Binary  
Load 
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These asymptot ic  r e c o g n i t i o n  s c o r e s  also i n d i c a t e  t h e  s e p a r a b i l i t y  
of  t h i s  54 word vocabulary  w i t h  these l i n g u i s t i c  p r o p e r t i e s .  
th ree  v o c a b u l a r i e s  were combined i n t o  a s i n g l e  vocabulary  o f  
1 1 4  d i s t i n c t  messages ( d u p l i c a t i o n s  between v o c a b u l a r i e s  were 
c o n s i d e r e d  only one message) .  On t h i s  l a rger  vocabu la ry ,  t h e  
r e c o g n i t i o n  score  was a remarkable 110  o u t  o f  1 1 4  f o r k s .  A l l  
t h o s e  messages i d e n t i f i e d  c o r r e c t l y  i n  t h e  i n d i v i d u a l  l i s t s  were 
a l s o  i d e n t i f i e d  i n  t h i s  l a r g e r  c o n t e x t  a f t e r  t h e  same f o u r  t r a i n -  
i n g  rounds.  
on these  d i f f e r e n t  l i s t s ;  and impl i e s  tha t  f a i r l y  large non- 
i n t e r f e r i n g  ( p h o n e t i c a l l y  b a l a n c e d )  v o c a b u l a r i e s  might b e  con- 
s t r u c t e d  w h i l e  m a i n t a i n i n g  t h i s  h igh  r e c o g n i t i o n  r a t e .  
b e  emphasized t h a t  wh i l e  messages were repeated i n  t r a i n i n g  and 
t e s t i n g ,  t h e  same speech  u t t e r a n c e  was n e v e r  s e e n  more t h a n  once 
by t h e  s y s t e m .  
The 
T h i s  i n d i c a t e s  very l i t t l e  i n t e r f e r e n c e  between words 
It shou ld  
To t e s t  t h e  cons i s t ency  of  s p e a k e r s  u t t e r i n g  messages, w e  d e v i s e d  
t h e  s p e c t r a l  t h r e s h o l d  p r o p e r t i e s  d e s c r i b e d  ear l ier .  
these p r o p e r t i e s  f o r  r e c o g n i t i o n  only  on the Ben Gold word l i s t .  
After  f o u r  rounds of  t r a i n i n g ,  t h e  sys t em was able t o  i d e n t i f y  
c o r r e c t l y  52 out of  t h e  54 i n p u t  messages p r e s e n t e d  t o  it f o r  KS; 
and 51  ou t  o f  5 4  f o r  CW. 
f o r  t h e  l i n g u i s t i c  f e a t u r e s ;  however, t he  c r o s s  s p e a k e r  c o r r e l a t i o n  
was h i g h e r  f o r  the  l i n g u i s t i c  p r o p e r t y  se t .  For  t h e  second s p e a k e r  
( u s i n g  t h e  f i r s t  speaker 's  t r a i n i n g )  26 o u t  o f  54 messages were 
i d e n t i f i e d  c o r r e c t l y  on t h e  first round, whereas u s i n g  t h e  spec-  
t r a l  p r o p e r t i e s  on ly  15  o u t  of 54 were c o r r e c t l y  i d e n t i f i e d .  
We t e s t ed  
T h i s  r a t e  i s  as good as t h a t  d i s c u s s e d  
-52- 
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B. Performance o f  t h e  System w i t h  Added Noise 
Speech-shaped random n o i s e ,  ( i . e , ,  white  random n o i s e  f i l t e r e d  by 
a b a n d f i l t e r  whose frequency r e s p o n s e  i s  i d e n t i c a l  t o  t h e  long- 
term RMS speech  spec t rum)  was added t o  t h e  speech  s i g n a l  t o  t es t  
t h e  d e g r a d a t i o n  o f  t h e  system under  a d v e r s e  c o n d i t i o n s .  It was 
p re f i l t e r ed  i n  o r d e r  t o  (1) o b t a i n  approximate ly  e q u a l  n o i s e  l e v e l s  
i n  a l l  f i l t e r  channe l s  and ( 2 )  a v o i d  o v e r l o a d i n g  o f  t h e  f i l t e r -  
networks.  T h i s  would occur  f o r  a white n o i s e  i n p u t  a t  low S/N 
r a t i o s ,  due t o  t h e  h igh  frequency pre-emphasis  i n  t h e  f i l t e r  bank. 
The set up used t o  add no i se  t o  t h e  speech  i n p u t  i s  shown i n  
F i g .  6 .  
The S/N r a t i o  a t  t h e  i n p u t  t o  t h e  f i l t e r  networks ( B )  i s  de termined  
by t h e  c o n s t a n t  S/N r a t i o  of t h e  speech  i n p u t  and by t h e  n o i s e  
l e v e l  as set  on t h e  c a l i b r a t e d  a t t e n u a t o r .  The n o i s e  l e v e l  o f  t h e  
speech  i n p u t  was measured at p o i n t s  A ,  B, C and found t o  be  
35 db, 36 db* and 34 db r e s p e c t i v e l y ,  below t h e  speech  pe,aks w i t h  
speaker DB. 
me te r ,  VU-METER damping) The n o i s e  l e v e l  of t h e  speech-noise  
g e n e r a t o r  was se t  s o  t h a t  t h e  o v e r a l l  l e v e l  was 0 VU a t  p o i n t  D. 
( a t t e n u a t o r  i n  ODB p o s i t i o n )  With t h e  a t t e n u a t o r  se t  a t  -36 db 
and a speech S/N r a t i o  o f  36 db, t h e  e f f e c t i v e  S/N r a t i o  a t  
p o i n t  B would b e  33 db. 
( speech  peaks measured w i t h  a ballantine-true-RMS- 
*The n o i s e  l e v e l  a t  p o i n t  (B) i s  ldb  lower  t h a n  a t  po?-nt ( A )  
because  of t h e  low frequency c u t  o f f  (120  HZ) i n  t h e  i n p u t  
amp li f i e  r . 
-5 3- 
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The sys t em was t r a i n e d  f o r  f o u r  rounds w i t h  no n o i s e  added. The 
same set  o f  u t t e r a n c e s  w i t h  d i f f e r e n t  l e v e l s  o f  n o i s e  added were 
used t o  t es t  t h e  sys tem.  The r e c o g n i t i o n  ra tes  are shown i n  F ig .  7 .  
Note t h a t  DB i s  a less c o n s i s t e n t  speaker t h a n  t h e  o t h e r  two, o r  
t h e  p r o p e r t i e s  need t o  be t u n e d  f o r  h i m ,  because  t h e  a sympto t i c  
r e c o g n i t i o n  ra te  i s  on ly  a b o u t  80%. The shape o f  t h e  ra te  o f  
r e c o g n i t i o n  curve  under  no i se  d e g r a d a t i o n  i s  i d e n t i c a l  t o  t h a t  f o r  
humans, f a l l i n g  o f f  a lmost  completely i n  20 db. However, t h e  
b r e a k  f o r  humans i s  1 0  t o  20 db lower ,  and t h e  a s y m p t o t i c  ra te  
much h i g h e r .  
C.  E v a l u a t i o n  o f  P r o p e r t i e s  
As r e c o g n i t i o n  s c o r e s  of t h e  sys tem get b e t t e r  and b e t t e r ,  i t  
becomes more d i f f i c u l t  t o  e v a l u a t e  t h e  i n d i v i d u a l  p r o p e r t i e s .  A 
measure o f  i n f o r m a t i o n  conten t  has been used  as an a i d  i n  t h e  
e v a l u a t i o n  o f  i n d i v i d u a l  f e a t u r e s .  T h i s  measure o f  t h e  i n f o r m a t i o n  
c o n t a i n e d  i n  a f e a t u r e  t ree  h a s  p rov ided  some i n s i g h t  i n t o  t h e  
desirable and u n d e s i r a b l e  p r o p e r t i e s  o f  a f e a t u r e .  The measure 
w i l l  be  d e f i n e d ,  a p p l i e d  t o  some examples ,  and t h e n  d i s c u s s e d .  
L e t :  J be  an  index  over  t h e  nodes o f  a t r e e  
I b e  an index  over t h e  words i n  t h e  vocabulary  
be  t h e  number o f  times word I anpea r s  a t  node J “IJ 
NV h e  t h e  t o t a l  number o f  words i n  t h e  vocabularJy 
NT be  t h e  number o f  rounds of  t r a i n i n g  
l? h e  a measure o f  t h e  i n f o r m a t i o n  con ta ined  i n  t h e  
t r e e  about  the  i d e n t i t y  of  an  unknown word. 
P ( 1 )  p r o b a b i l i t y  of  I t h  word (assumed e q u a l  t o  1 / N V )  
R = H ( I )  - W. ( I )  
J 
IJ 
I n where H ( I )  =-f n ( I )  l o g  [ p ( I > 1  = lop: NV n 
IJ 
and H J ( I )  =-IC D ( I , J )  l o p  [ D J ( I ) I  = - :: (NV)(NT) l o g  C $  nIJ I .  IJ 
-55- 
\ 
E f f e c t i v e  S/N Rat io  34 31 25 20 
Numb e r Corre c t 42 44 43 38 
P e r c e n t  Correct  78 81 80 70 
Log (%-Correc t  1 1.89 1.91 1.90 1.85 
\ 
15 10 
31 2 3  
59 44 
1.77 1.65 
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Example 1: 
i v i d e  4 
R = H ( 1 )  = 2 b i t s  
T h i s  i s  an example of t h e  p e r f e c t  t ree ,  one t h a t  a s s i g n s  a unique  
node t o  each  vocabulary  word.  
s u b t r a c t  4 d i v i d e  4 
R s 2 - 1 ~ 1 b i t  
T h i s  i s  an example of  a t r e e  t ha t  c o n s i s t e n t l y  a s s i g n s  a word t o  
t h e  same node, b u t  does n o t  comple te ly  separate t h e  vocabu la ry  
words from one a n o t h e r .  
Example 3 :  
s u b t r a c t  2 
m u l t i p l y  2 
d i v i d e  2 
T h i s  i s  an example o f  a t r e e  w i t h  more nodes (greater p o s s i b l e  
s e p a r a b i l i t y ) ,  b u t  w i t h  a n  I n c o n s i s t e n t  ass ignment  o f  words t o  
nodes .  
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There are some i n t u i t i v e  measures o f  t h e  goodness  o f  a f e a t u r e  w e  
have found i n t e r e s t i n g .  The number o f  nodes N ( d i f f e r e n t  i n p u t  
sequences found i n  t r a i n i n g )  g i v e s  a measure o f  t h e  range  o f  
s e p a r a t i o n  t h a t  can  be expec ted  o f  t h e  p r o p e r t y .  The number of 
messages M ,  o r  ave rage  number o f  v a r i a t i o n s  p e r  i n p u t  message M', 
g i v e s  a measure of t h e  c o n s i s t e n c y  o f  t h e  p r o p e r t y .  The r a t i o  
N / M ' ,  o f  s e p a r a b i l i t y  t o  c o n s i s t e n c y ,  seems i n t u i t i v e l y  t o  b e  a 
q u a n t i t y  one w o u l d  want t o  maximize. 
The i n t u i t i v e  measures and t h e  computed i n f o r m a t i o n  p r o v i d e d  by  
each  o f  t h e  l i n g u i s t i c  f e a t u r e s  I s  t a b u l a t e d  i n  T a b l e  7.  There 
seems t o  be a r easonab le  c o r r e l a t i o n  between R and N/W. It s h o u l d  
be obvious t ha t  t h e  f e a t u r e s  are  h i g h l y  redundant  and t h a t  t he re  
may be pairs of words t h a t  w e  are unab le  t o  d i f f e r e n t i a t e  w i t h  
t h i s  f e a t u r e  s e t .  The l a t t e r  q u e s t i o n  can only  be answered by  
t e s t i n g  a d d i t i o n a l  r e p e t i t i o n s  of  t h e  vocabu la ry  and n o t i n g  b o t h  
e r r o r  f r equenc ie s  and t h e  degree of s i m i l a r i t y  of f e a t u r e  a s s i g n -  
ments f o r  p a i r s  of  words.  
I 
There i s  always t h e  p o s s i b i l i t y  t h a t  t h e  unknown word w i l l  b e  
a s s i g n e d  t o  a new node o f  t h e  t r e e ,  one t h a t  was n o t  p r e s e n t  d u r i n g  
t r a i n i n g .  The t r e e  can p r o v i d e  no i n f o r m a t i o n  about  t h e  i d e n t i t y  
o f  t h e  word i n  t h i s  case. The measure o f  i n f o r m a t i o n ,  R ,  does  n o t  
account  f o r  t h i s  p o s s i b i l i t y  because  i t  assumes i n c o r r e c t l y  that  
the  f r e q u e n c i e s ,  nIJ, are a c c u r a t e  estimates of t h e  u n d e r l y i n g  
p r o b a b i l i t i e s .  
R may b e  a biased measure because  o f  t h i s  f a c t .  When t r a i n i n g  
grows a large t ree ,  there  i s ,  i n i t i a l l y ,  a greater chance o f  a 
word p roduc ing  a nove l  node t h a n  when t r a i n i n g  grows a smaller 
t ree .  The d i f f e r e n c e  between large and small trees i n  growth 
o f  nove l  nodes a f t e r  about  th ree  rounds o f  t r a i n i n g  i s  n o t  very  
grea t .  Therefore ,  w e  have n o t  a t t e m p t e d  t o  correct  f o r  t h e  
p o t e n t i a l  bias i n  t h e  i n f o r m a t i o n  measure R.  
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1. 
2 .  
3. 
4 .  
5. 
6 .  
7. 
8. 
9. 
10.  
11. 
1 2 .  
13 .  
1 4 .  
15 
Voice 
S y l l a b l e  
Stress  
[ a]-l ike 
[I]- l i k e  
CUI-l ike 
[ 1-1-like 
S t r i d e n t  
S t r id - s  t op 
F r i  cat  i v e  
S t  opburs  t 
Nasal 
[a]-stress 
[i ]-stress 
[u l - s t  ress 
N= # 
Vodes 
3 
4 
7 
33 
37 
36 
45 
11 
55 
50 
19 
1 0  
1 0  
1 0  
2 1  
M= # 
Me s s age s 
64 
70 
72 
1 1 0  
1 2 6  
1 2 7  
91 
1 1 0  
92 
139 
167 
1 1 0  
158 
166 
189 
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Average # 
of v a r i a t i o n s  
M '  =M/54 
1.19 
1 - 3 3  
2.02 
2.34 
1.30 
2 - 3 5  
1 .68  
2.02 
1 .71  
2.57 
3.09 
2 . 0 2  
2.92 
3 -07  
3.50 
N/M' 
2 .5  
3 . 1  
5 .3  
1 6  3 
1 5  8 
15 3 
12 .5  
22 .2  
6.4 
2 1 . 4  
16.2 
9.4 
3.4 
3.3 
2.9 
R 
I n f o r m a t i o n  
I4e as u r e  
1 . 4  
1 . 5  
2 . 1  
3.0 
3 .0  
2.6 
2 . 4  
3.2 
2 . 5  
3.2 
2 .7  
1 . 8  
2 . 3  
2.5 
1 . 8  
TABLE 7. Eva lua t ion  of L i n g u i s t i c  P r o p e r t i e s  
After Ten Rounds o f  T r a i n i n g  - Speaker KS 
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The trees grown by t h e  n o n - l i n g u i s t i c  f e a t u r e s  are q u i t e  large.  
Most words a r e  a s s i g n e d  t o  more t h a n  one node d u r i n g  t r a i n i n g .  
Even w i t h  t h i s  i n c o n s i s t e n c y ,  t h e  i n f o r m a t i o n  p r o v i d e d  by each  
f e a t u r e  i s  r e l a t i v e l y  h i g h .  A s  a comparison f i g u r e ,  c o n s i d e r  t h e  
f a c t  t h a t  a f e a t u r e  d e t e c t i n g  t h e  p r e s e n c e  o r  absence  o f  v o i c i n g ,  
f u n c t i o n i n g  w i t h  no e r r o r s ,  p r o v i d e s  less  t h a n  2 b i t s  o f  informa- 
t i o n  t o  t h e  r e c o g n i t i o n  a l g o r i t h m .  
c o n t a i n  1, 2 ,  3 ,  o r  4 vo iced  segments and  t h i s  r e s u l t s  i n  a 
f e a t u r e  t r ee  with o n l y  f o u r  n o d e s . )  
(The vocabulary  words 
There are two conc lus ions  t o  b e  drawn from these r e s u l t s .  
obvious ,  t h a t  there i s  a t r a d e - o f f  between t h e  s e p a r a b i l i t y  o f  
words p r o v i d e d  by a large t ree  and t h e  c o n s i s t e n c y  w i t h  which a 
word i s  analyzed;  see Example 2 vs .  Example 3 .  The i n f o r m a t i o n  
measure,  R ,  g ives  a good idea  o f  what that t r a d e - o f f  is. 
One i s  
Another ,  non-obvious, c o n c l u s i o n  i s  tha t  t h e  i n f o r m a t i o n  measure 
a c c o u n t s  f o r  t he  comparable r e c o g n i t i o n  s c o r e s  u s i n g  n o n - l i n g u i s t i c  
and l i n g u i s t i c  f e a t u r e s .  The l i n g u i s t i c  f e a t u r e  s e t  was d e r i v e d  
w i t h  a s t r o n g  emphasis on c o n s i s t e n c y .  
condense a number of a c o u s t i c  measurements t o  a b i n a r y  d e c i s i o n ,  
t h e  p r e s e n c e  or  absence  o f  some a t t r i b u t e .  
are bad g i v e n  the  n a t u r e  of  t h e  r e c o g n i t i o n  a l g o r i t h m .  
a l g o r i t h m  i s  des igned  t o  make e f f i c i e n t  u se  o f  a l l  o f  t h e  c l u e s  
p rov ided  by t h e  f e a t u r e s .  The emphas is  on c o n s i s t e n c y  and minimal 
b i n a r y  d i s t i n c t i o n s  r educes  t h e  i n f o r m a t i o n  f l o w i n g  t o  t h e  recog-  
n i t i o n  a lgo r i thm.  E r r o r s  i n  f e a t u r e  ass ignment  are t h e n  more 
l i k e l y  t o  be f a t a l .  A g e n e r a l  o b s e r v a t i o n  i s  t h a t  more f e a t u r e s  
w i t h  g rea te r  redundancy almost  i n v a r i a b l y  l e d  t o  h i g h e r  r e c o g n i t i o n  
s c o r e s .  
The l i n g u i s t i c  f e a t u r e s  
Both o f  these  s t r a t e g i e s  
T h i s  
-60- 
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We have o u t l i n e d  t h e  reasons  why word r e c o g n i t i o n  based on s p e c t r a l  
i n p u t  data i s  no t  a s t r a i g h t f o r w a r d  problem i n  p a t t e r n  r e c o g n i t i o n .  
The i n v a r i a n t s  i n  the  speech code appear t o  b e  r e l a t i v e l y  complex 
f u n c t i o n s  o f  t h e  s p e c t r a l  i n p u t .  We have a l s o  o u t l i n e d  t h e  r e a s o n s  
why phoneme r e c o g n i t i o n  i s  not an a p p r o p r i a t e  i n t e r m e d i a t e  s tep  i n  
a word r e c o g n i t i o n  a lgo r i thm.  Unsolved problems i n c l u d e  t h e  segmen- 
t a t i o n  o f  speech  s p e c t r a  i n t o  phoneme s i z e d  chunks and the d e r i v a -  
t i o n  o f  r u l e s  f o r  r ecogn iz ing  a l l  o f  t h e  a l l o p h o n e s  o f  a g i v e n  
phoneme. Our  approach is intermediate between p a t t e r n  r e c o g n i t i o n  
and phoneme r e c o g n i t i o n ;  i t  combines some o f  t h e  advantages  o f  
b o t h .  
A s e t  o f  a c o u s t i c  f e a t u r e  d e t e c t o r s  have been d e f i n e d .  The t i m e  
dimension i s  removed from each f e a t u r e  s o  t h a t  t h e  l e a r n i n g  pro-  
gram deals only  w i t h  t h e  sequences o f  s ta tes  produced by t h e  fea- 
t u r e  d e f i n i t i o n s .  The feature sequence c h a r a c t e r i z a t i o n  o f  an 
i n p u t  message i s  s u f f i c i e n t l y  redundant  s o  t h a t  t h e  r e c o g n i t i o n  
a l g o r i t h m  i s  able  t o  d e a l  s u c c e s s f u l l y  w i t h  e r r o r s  and i n c o n s i s -  
t e n c i e s  i n  some f r a c t i o n  of t h e  f e a t u r e s .  
The advantages  o f  t h i s  approach are: 
(1) No p r e c i s e  segmenta t ion  o f  t h e  u t t e r a n c e  i s  r e q u i r e d ;  
f e a t u r e s  can change s t a t e  i n  a r b i t r a r y  time segments 
because  t h e  t i m e  dimension i s  removed from a f e a t u r e  
i n  a way t h a t  i s  independent  o f  t h e  changes o f  s ta te  
o f  o t h e r  f e a t u r e s .  
(2) A word need no t  be regis tered a t  e x a c t l y  t h e  same 
p l a c e  i n  t h e  2 second speech  sample; s ta te  sequences  
are independent  o f  t i m e  o r i g i n .  
-6 1- 
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( 3 )  Fea tu re  d e f i n i t i o n s  can be  made i n s e n s i t i v e  t o  t h e  re- 
cord ing  l e v e l  by a d j u s t i n g  t h r e s h o l d  s e t t i n g s  a c c o r d i n g  
t o  a measure of  t h e  loudness  of  t h e  unknown word. 
( 4 )  Feature d e f i n i t i o n s  can be  made less  s e n s i t i v e  t o  n o i s e  
by employing hysteresis  r e g i o n s  about  t h r e s h o l d s .  
( 5 )  S t a t e  t r a n s i t i o n  sequences  weight  changes i n  s p e c t r a  as 
t h e  impor tan t  cues  t o  word r e c o g n i t i o n .  ( s i m p l e  p a t t e r n -  
matching schemes w i l l  g i v e  undue weight t o  a s u s t a i n e d  
vowel).  
( 6 )  Features may be d e f i n e d  t o  take advan tage  o f  n a t u r a l  
a c o u s t i c  boundar i e s  between phones ( S t e v e n s ,  1968b) 
and t h e r e b y  minimize t h e  v a r i a b i l i t y  i n  s ta te  t r a n s i t i o n  
sequences produced by a f e a t u r e .  
( 7 )  F e a t u r e s  may be  added t o  t h e  s y s t e m  t o  p r o v i d e  redundancy 
f o r  t h o s e  d e c i s i o n s  t h a t  are d i f f i c u l t .  There i s  a 
d i r e c t  c o n t r o l  o v e r  t h e  amount of redundancy s e n t  t o  t h e  
r e c o g n i t i o n  a lgor i thm.  
( 8 )  The f e a t u r e  approach p e r m i t s  t h e  i n t r o d u c t i o n  and t e s t i n g  
of l i n g u i s t i c  hypo theses ,  such  as p l a c i n g  greater em- 
phasis  on t h e  p r o p e r t i e s  o f  the  stressed s y l l a b l e .  
The d i sadvan tages  of t h i s  approach are: 
(1) Removal of the t i m e  dimension d i s c a r d s  a l l  i n f o r m a t i o n  
concern ing  the  s imul t aneous  o c c u r r e n c e  o f  s p e c i f i c  
s t a t e s  f o r  two o r  more f e a t u r e s .  We have used t h e  
v o i c i n g  f e a t u r e  t o  r e i n t r o d u c e  some t i m i n g  i n f o r m a t i o n .  
-62- 
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There e x i s t  pa i r s  o f  E n g l i s h  words f o r  which t h i s  "time 
w i t h  r e s p e c t  t o  t h e  vo iced  segments"  i s  no t  enough t o  
d isambiguate  t h e  p a i r .  S p e c i a l  f e a t u r e s  can always be  
d e f i n e d  t o  t r e a t  s p e c i a l  c a s e s ,  b u t  o u r  approach  i s  n o t  
eas i ly  g e n e r a l i z e d  t o  y i e l d  segmen ta t ion  o f  an u t t e r a n c e  
i n t o  phone-sized chunks. 
The f e a t u r e s  c u r r e n t l y  implemented are no t  speaker 
independent .  Each speaker w i l l  have t o  t r a i n  t h e  s y s t e m  
and t h i s  r e q u i r e s  approximate ly  3 o r  4 r e p e t i t i o n s  o f  
t h e  vocabulary .  
Our s y s t e m  w i l l  degrade i n  performance as t h e  l e n g t h  o f  
t h e  vocabulary  i s  i n c r e a s e d  o r  as t h e  number o f  speakers 
tha t  i t  can s imul t aneous ly  r e c o g n i z e  i s  i n c r e a s e d .  T h i s  
p r o p e r t y  i s  o f  course  t r u e  o f  any r e c o g n i t i o n  program; 
however, i t  should  be n o t e d  t h a t ,  w i t h  o u r  c u r r e n t  s i m -  
ple-minded s e t  of f e a t u r e s ,  t he re  i s  a h i g h  e r r o r  r a t e  
i n  any f e a t u r e  c h a r a c t e r i z a t i o n  and w e  r e l y  h e a v i l y  on 
redundancy t o  s e l e c t  t h e  most l i k e l y  i n p u t  message. 
For  o u r  l i m i t e d  o b j e c t i v e s ,  t h e  c u r r e n t  implementa t ion  
i s  computa t iona l ly  f a s t  and g i v e s  s a t i s f a c t o r y  r e s u l t s .  
However, more s o p h i s t i c a t e d  and more re l iab le  f e a t u r e s  
would be des i rab le .  The exponent  i n  t h e  f u n c t i o n  re- 
l a t i n g  computat ion time and f e a t u r e  performance i s  n o t  
known, b u t  may be r e s t r i c t i v e l y  large.  
s imple  sum-and-difference p r o p e r t i e s  was compared w i t h  
t h e  l i n g u i s t i c a l l y  mot iva ted  f e a t u r e s  i n  t h e  l a t t e r  s t a g e s  o f  re- 
search. The comparable performance o f  t h i s  s e t  of p r o p e r t i e s  has 
led  t o  s e v e r a l  c o n c l u s i o n s  concern ing  t h e  desirable a t t r i b u t e s  o f  
f e a t u r e s  t h a t  o p e r a t e  w i t h i n  t h i s  framework. 
-6 3- 
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A good f e a t u r e  i n c l u d e s  a maximum amount o f  i n f o r m a t i o n  
i n  the  sequences  t h a t  i t  p roduces .  
f l uence  i n f o r m a t i o n  c o n t e n t  are c o n s i s t e n c y  o f  cha rac -  
t e r i z a t i o n  and t h e  number o f  vocabu la ry  items t h a t  can 
be d i f f e r e n t i a t e d  on t h e  basis o f  t h e  f e a t u r e ,  A v o i c i n g  
feature that  works p e r f e c t l y  does  n o t  c o n t a i n  as much 
in fo rma t ion  about  t h e  unknown word as any o f  t h e  r e l a t i v e l y  
i n c o n s i s t e n t  s p e c t r a l  p r o p e r t i e s .  I n  o t h e r  words,  a 
moderate amount o f  i n c o n s i s t e n c y  i s  t o l e r a b l e  i f  accom- 
panied  b y  i n c r e a s e d  word s e p a r a b i l i t y  ( and  a d d i t i o n a l  
features t o  p r o v i d e  redundancy) .  
F a c t o r s  t ha t  i n -  
( 2 )  Another r e a s o n  why t h e  s p e c t r a l  p r o p e r t i e s  compared 
f avorab ly  on t h e  basis of r e c o g n i t i o n  s c o r e s  i s  t h a t  t h e  
l i n g u i s t i c  f e a t u r e s  are fewer i n  number and c o m p u t a t i o n a l l y  
similar i n  form t o  t h e  s p e c t r a l  p r o p e r t i e s .  We b e l i e v e  
t ha t ,  even f o r  l i m i t e d  vocabu la ry  word r e c o g n i t i o n ,  a 
s e t  o f  p h o n e t i c a l l y  o r i e n t e d  f e a t u r e s  e x i s t  which are 
b e t t e r  i n  some s e n s e  t h a n  s imple p a t t e r n  f e a t u r e s .  The 
reasons  f o r  t h i s  f a i t h  c o n s i s t  o f  a rguments :  
( a )  t h a t  there e x i s t  n a t u r a l  a c o u s t i c  b o u n d a r i e s  
between phones ( S t e v e n s ,  1968b) ,  
( b )  and t h a t  there e x i s t  i n v a r i a n t  a t t r i b u t e s  i n  
a c o u s t i c  waveforms from d i f f e r e n t  speakers; these 
i n v a r i a n t s ,  when i n c o r p o r a t e d  i n t o  f e a t u r e  d e f i n i -  
t i o n s ,  w i l l  p roduce  r e c o g n i t i o n  s c o r e s  t ha t  are 
less s e n s i t i v e  t o  t h e  i n d i v i d u a l  speaker. 
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( 3 )  The arguments i n  f a v o r  o f  p h o n e t i c a l l y  o r i e n t e d  f e a t u r e s  
are o f f s e t  by t h e  computa t iona l  s i m p l i c i t y  o f  t h e  spec-  
t r a l  p r o p e r t i e s .  Not enough i s  c u r r e n t l y  known i n  
a c o u s t i c  p h o n e t i c s  t o  take advantage  o f  these t h e o r e t i c a l  
b e n e f i t s  w i t h o u t  a d d i t i o n a l  b a s i c  r e s e a r c h .  We a rgue  
t h a t  a c a r e f u l l y  s e l e c t e d  s e t  o f  p r o p e r t i e s  l i k e  o u r  
s p e c t r a l  p r o p e r t i e s  r e p r e s e n t  a p r a c t i c a l  word r e c o g n i t i o n  
s o l u t i o n  t h a t  may not  be supe r seded  f o r  some t i m e  t o  come. 
The r e s e a r c h  d e s c r i b e d  i n  t h i s  r e p o r t  does n o t  c o n s i s t u t e  a com- 
p l e t e d  i n v e s t i g a t i o n .  There are many open q u e s t i o n s  t h a t  can 
p r o f i t a b l y  b e  pursued .  The l ist  o f  l i n g u i s t i c  f e a t u r e s  d e s c r i b e d  
i n  t h i s  r e p o r t  i s  biased i n  f a v o r  o f  f e a t u r e s  t h a t  seemed easiest  
t o  d e f i n e  and implement.  A g l a r i n g  d e f i c i e n c y  i s  i n  t h e  area o f  
p l a c e - o f - a r t i c u l a t i o n  f e a t u r e s  f o r  s t o p  and n a s a l  consonan t s .  The 
p r imary  r e a s o n  f o r  n o t  i n c l u d i n g  f e a t u r e s  o f  t h i s  t y p e  i s  t h a t  t h e  
f e a t u r e  d e f i n i t i o n  w i l l  depend i n  p a r t  on t h e  s p e c i f i e d  vowel 
f o l l o w i n g  t h e  s t o p .  The r e su l t  must b e  a f a i r l y  complex d e f i n i t i o n  
i n  t e rms  of parameters t h a t  are n o t  w e l l  unde r s tood .  
We hope t o  s t u d y  t h i s  and r e l a t e d  problems o f  c o n t e x t  dependent  
f e a t u r e s  by implementa t ion  of r e c e n t  p r o p o s a l s  o f  K .  N .  S t e v e n s  
t h a t  p l a c e - o f - a r t i c u l a t i o n  f o r  s t o p s  may be  i d e n t i f i e d  by the  
t i m i n g  of energy  build-up i n  high and mid-frequency r e g i o n s  rela- 
t i v e  t o  t h e  time of build-up i n  t h e  low-frequency r e g i o n .  Other 
f e a t u r e s  t o  be developed a r e  A s p i r a t i o n ,  Tense- lax,  F r o n t - g l i d e ,  
and Back-gl ide.  S e v e r a l  of the  c u r r e n t  f e a t u r e s  can be s u b s t a n -  
t i a l l y  improved by context-dependent  d e f i n i t i o n s  ( e . g . ,  n a s a l ) .  
We wish t o  i n v e s t i g a t e  f u r t h e r  t h e  r e a s o n s  f o r  t h e  s u c c e s s  o f  t h e  
n o n - l i n g u i s t i c  f e a t u r e s ,  O f  h e l p  would be a measure o f  t he  i n f o r -  
ma t ion  about  t h e  i d e n t i t y  of a word t h a t  one f e a t u r e  g i v e s  
-65- 
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c o n d i t i o n a l  t o  t h e  f a c t  t h a t  we know t h e  sequence o f  s ta tes  gene- 
rated by  a n o t h e r  f e a t u r e ,  i . e . ,  independent  a d d i t i o n a l  i n f o r m a t i o n  
t h a t  a new feature p r o v i d e s .  Such a measure can be d e f i n e d  i n  t h e  
same g e n e r a l  way as was d e s c r i b e d  i n  s e c t i o n  V I .  
and t h e  r e s u l t s  o b t a i n e d  from t h e  development of  new l i n g u i s t i c  
f e a t u r e s ,  we may be able t o  modify the  s p e c t r a l  p r o p e r t y  set t o  
g i v e  even b e t t e r  r e s u l t s .  
With t h i s  measure 
-66- 
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APPENDIX A C I R C U I T S  OF FILTER BANK 
Inpu t  Stage 
The c i r c u i t  diagram of t he  inpu t  s tage  i s  shown i n  F i g .  7 .  
The o u t p u t  from a conven t iona l  t ape  r e c o r d e r  i s  f ed  i n t o  
a n  i n p u t  a m p l i f i e r  (Type 3BN-DE-200) whose v a r i a b l e  feedback 
r e s i s t o r  p r o v i d e s  t h e  common g a i n  ad jus tment  f o r  a l l  f i l t e r  
channe l s .  The g a i n  adjustment  procedure  i s  f a c i l i t a i c d  by 
a V U - m e t e r  connec ted  t o  t h e  o u t p u t  o f  t h e  i n p u t  a m p l i f i e r .  
By means of a separate po ten t iome te r  t h i s  V U - m e t e r  may be 
a d j u s t e d  such  t h a t  speech peaks exceedin?  +3VU will i n d i c a t e  
c l i p p i n g  i n  t h e  f i l t e r  cnannels  and/or  o v e r l o a d i n g  o f  t h e  
A/D c o n v e r t e r .  
The RL-network i n  t h e  feedback p a t h  o f  t h e  f i r s t  d r i v e r  
a m p l i f i e r  p r o v i d e s  t h c  h i g h  f requency  pre-emphasis. By 
means of a s w i t c h  t h i s  network may be  r e p l a c e d  by a r e s i s t o r  
f o r  g a i n  c a l i b r a t i o n  o f  t h e  f i l t e r  channels .  
Since t h e  bandpass  f i l t e r  networks r e q u i r e  i n p u t s  o f  o p p o s i t e  
phase, a second i n v e r t i n g  d r i v e r  amplif ier  i s  used as 
shown on t h e  lower r i g h t  of F i g .  7. A p o t e n t i o m e t e r  i n  t h e  
feedback  p a t h  p r o v i d e s  fo r  a d j u s t a b l e  ampl i tude  ba lance  o f  
t h e  two i n p u t  s i g n a l s .  
I 
I 
I 
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Band-Pass F i l t e r s  
The p o l e  p a t t e r n  y i e l d i n g  t h e  f r equency  r e s p o n s e s  o f  F ig .  8 
i s  shown i n  F ig .  9. P o l e s  a s s o c i a t e d  w i t h  one f i l t e r  are 
connected  by  converg ing  l i n e s .  
w i t h  each  ne ighbor ing  f i l t e r .  
Each f i l t e r  shares two p o l e s  
According t o  t h e  L e r n e r  s y n t h e s i s  p rocedure ,  p o l e s  o f  a n  
i n d i v i d u a l  f i l t e r  are spaced a t  e q u a l  i n t e r v a l s  ( 2 4 0  Hz) i n  
t h e  pass-band and a t  ha l f  i n t e r v a l s  ( 1 2 0  Hz) a t  t h e  band 
edges. S ince  t h e  f r equency  r e s p o n s e s  o f  n e i g h b o r i n g  f i l t e r s  
have t h e i r  3 dB c r o s s o v e r  p o i n t s  a t  a f r equency  mid-way 
between t h e  shared p o l e s ,  a l l  4-pole f i l t e r s  (no .  1-15) have 
bandwidths of 360 H z .  The number of t h e  p o l e s  f o r  t h e  re- 
maining f i l t e r s  a r e  selected such  t h a t  bandwidths  as g i v e n  
i n  Tab le  1 r e s u l t e d .  
Each p o l e  o f  P i g .  9 i s  r e a l i z e d  by a series r e s o n a n t  c i r c u i t  
as shown i n  F i g . 1 0  f o r  f i l t e r s  no. 1 th rough  15. The p r o p e r  
p o l e  r e s i d u e  i s  ach ieved  by r e s i s t o r  w e i g h t l n g  of t h e  c u r r e n t s  
from each  r e sonan t  c i r c u i t  i n t o  t h e  sunning  node o f  a n  
o p e r a t i o n a l  a m p l i f i e r  a s  d e s c r i b e d  by D r o u l l h e t  and Goodman(lg60). 
I d e n t i c a l  i n d u c t o r  v a l u e s  were used f o r  a l l  r e s o n a n t  c i r c u i t s  
and t h e  c a p a c i t o r s  were c a l c u l a t e d  by C = 1 /4n2Lf2 ,  where 
f i s  t h e  frequency of a p o l e .  (Approximately 1% of t h e  C 
v a l u e  was r e a l i z e d  by a trimmer c a p a c i t o r  t o  compensate f o r  
s l i g h t  i n a c c u r a c i e s  and v a r i a t i o n s  of  t h e  f i l t e r  components.)  
For a chosen v a l u e  of L = 0.5 mn, 3 = 1.66 k was o b t a i n e d  
from t h e  r e l a t i o n  L/R' = 1/2n 3 6 0 ,  where R '  = 2/3  R ,  t h e  
paral le l  r e s i s t a n c e  of R and 2 R .  
-60-  
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F i l t e r s  no. 1 6  though 19 were r e a l i z e d  by t h e  same c i r c u i t  
s t r u c t u r e  as shown i n  Fig.10, w i t h  p o l e s  i n  t h e  passband 
and a t  t h e  band-edges. (Fig. 9 )  weighted by R and 2R respect- 
i v e l y .  The highest  p o l e  a t  6620 Hz was t i e d  o v e r  R t o  
ground t o  s i m u l a t e  t h e  input  impedance of an  a d d i t i o n a l  
ne ighbor ing  summing a m p l i f i e r  as i s  also shown f o r  t h e  lowes t  
p o l e  i n  Fig. 9 .  
R e c t i f i e r s  and Low-Pass F i l t e r s  
The c i r c u i t r y  c o n t a i n i n g  t h e  summing amplif iers ,  r e c t i f i e r s ,  
low-pass f i l t e r s  and o u t p u t  amplifiers i s  shown i n  Fig. 11. 
( A l l  o p e r a t i o n a l  amplifiers: 
The c i r c u i t  f o r  f i l t e r  channel  no. 1 i s  shown i n  t h e  upper  
p o r t i o n  of t h e  f i g u r e .  The summing amplifier i s  fo l lowed  
by a f u l l  wave r e c t i f i e r  c i r c u i t .  P u l l  wave r e c t i f i c a t i o n  
was n e c e s s a r y  f o r  f i l t e r  channel  no. 1 o n l y ,  i n  o r d e r  t o  
r e d u c e  t h e  ac-components passed by t h e  low-pass f i l t e r  o f  
t h i s  channel .  ( A t  80 Hz t h e  rms l e v e l  of  t h e  ac-compcnent 
i n  the o u t p u t  o f  f i l t e r  channel  no. 1 i s  35 dB below t h e  
dc l e v e l  and d e c r e a s e s  w i t h  a s l o p e  of 22 dB/oc tave . )  
Union Carbide t y p e  H6010). 
The c i r c u i t  i n  t h e  lower p o r t i o n  o f  F ig .11  i s  used f o r  f i l t e r  
c h a n n e l s  no. 2-19. The f i r s t  amplifier (1) sums t h e  c u r r e n t  
components from t h e  b a n d - f i l t e r ,  ( 2 )  half-wave r e c t i f i e s  t ha t  
s i g n a l  and ( 3 )  p r o v i d e s  a s i g n a l  o f  a d j u s t a b l e  ampl i tude  t o  
d r i v e  t h e  low-pass f i l t e r .  The g a i n  o f  these amplifiers is 
a d j u s t e d  such  t h a t  c11 dc channel  o u t p u t s  are e q u a l  f o r  w h i t e  
n o i s e  i n p u t  t o  t h e  spectrum a n a l y z e r  (pre-emphasis network 
n o t  u s e d ) .  
The o u t p u t  of t he  low-pass f i l t e r s  i s  fed  i n t o  o u t p u t  amplifiers 
which p rov ide  low impedance s o u r c e s  t o  d r i v e  t h e  A/D c o n v e r t e r .  
-69- 
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APPENDIX B Examples o f  t h e  sequences  produced by s e l e c t e d  f e a t u r e s  
f o r  t e n  r e p e t i t i o n s  of  t h e  Gold vocabulary  by speaker 
KNS . 
1. Voice 
The sequence 010 i n d i c a t e s  t h e  p r e s e n c e  of  one vo iced  segment,  
01010 i n d i c a t e s  two voiced  segments ,  and 0101010 i n d i c a t e s  
three voiced segments.  The i n i t i a l  p o r t i o n  o f  any sequence 
i s  no t  r epea ted  and i s  i m p l i c i t  i n  t h e  columns i n  t h e  p r i n t o u t .  
A t e n  b i t  ( o c t a l )  code f o l l o w s  each  vocabulary  word. T h i s  
code i n d i c a t e s  which r e p e t i t i o n s  o f  t h e  word produced t h e  
sequence.  
" b i t e "  produced an i n d i c a t i o n  o f  one vo iced  segment,  and t h e  
1 0 t h  r e p e t i t i o n  produced an i n d i c a t i o n  of two vo iced  segments;  
i n t e n s e  p r e v o i c i n g  of  t h e  [ b ]  appears t o  have t r iggered  t h e  
e x t r a  segment i n  t h i s  c a s e .  
For  example,  t h e  f i rs t  9 r e p e t i t i o n s  o f  t h e  word 
Voice 
9 1 i.7 ( 3 7 5  B I T E  1 7 7 6  S E V E N  1336 U N I T E  1777  WHOLE 1 7 7 7  HALF 
1777  QUAHTEt3  77 M a O R Y  1777  INAAE 177) E X C H A N G E  101 WOdD 1 7 7 7  
POINT 1777 JUalP 1777 Si(IP 1777  SCALE 1777-,,EiJD 1777  N A X E  1 7 7 7  
NUIYSER 377 N I N E  1 7 7 5  EIGHT 17-17 SIX 1777  F I V E  1777  FOUii 1 7 7 7  
THtiEE 1777  TWd 1777  O N E  1 7 7 7  Z E t i O  1777  A D D  1 7 7 7  STOFiE 1'777 
L O A D  1777  LIST 1777 C O R E  1 7 7 7  SAVE 1 7 7 7  B I N A R Y  1 7 7 7  8 E A D  1 7 7 7  
- .. . - _ _  1 0 (222  N U M B E R  140a  Q U A H T E H  17aB E X C H A N G E  1676  
'- .NINE'2 OCTAL 1777  DECINAL 1 7 7 7  HITE' 1 A C C U N U L A T E  7 7 7  COMPARE 
M O V E  1777 OELETE 1 7 7 7 )  
1737  INTEHSECT 33 OUTPUT 1 7 7 7  INPUT 1777  C O N T R O L  1 7 7 7  OVERFLOW 
35 ADDdESS 1777  C Y C L E  1777  DIVIDE 1777  SEVEN 441 SUBTRACT 1 7 7 7  
DIRECTIVE 1777 R E P L A C E  1 7 7 7  INSERT 1 7 7 7 )  
1 7 4 4  OVERFLOW 1742  REGISTER 1 7 7 7  MULTIPLY 177 '7) - ' '  
1 a ( 1 2 3  A C C U N U L A T E  1000  COMPAREf40 INTEASECT 
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2 .  S t r i d e n t  
S t r i d e n t  i s  an example o f  a f e a t u r e  that i s  r e l a t i v e l y  incon-  
s i s t e n t  i n  a s s i g n i n g  sequences t o  vocabulary  items. Neverthe- 
l ess ,  S t r i d e n t  s ends  a great deal o f  i n f o r m a t i o n  t o  t h e  recog-  
n i t i o n  a l g o r i t h m  because there  i s  good s e p a r a t i o n  of words i n  
t h i s  t r ee  and,  a f t e r  a f e w  rounds o f  t r a i n i n g ,  much o f  the 
p o s s i b l e  i n c o n s i s t e n c y  has been l e a r n e d  and I s  r e p r e s e n t e d  i n  
t h e  t ree .  
I 
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S T R I D E N T  
- 1  ( 2 1 0  END l/d!Jg THt2EE 3311 A D D  530 HALF 1 7 7 8  IrlOi<D 1 7 7 4  
LOAD 1 7 7 4  WHOLE 1 7 7 7  QUfidTEtI 77 IYEMOtIY 1 7 7 7  i4AKE 7 1 3  P!,."lE 1 7 7 7  
NUNBZt? 3 7 7  NINE 1775 F I V E  1 7 7 7  FOIJA 1 7 7 7  O N E  1 7 7 7  COtiE 1 7 7 7  
B i N a i u  1 7 7 7  H E A D  3 3 1  M O V E  1 7 - m  
0 - 1  ( 1 1 0  NUaqBER 14d@ D I V I D E  720 N I N E  2 CONPAIiE 1 7 3 7  
OVERFLOW 3 1 )  
0 - 1  ( 1 3 4  COMPAiiE 4 3  OVERFLOW 1 7 4 2 )  
1 - 1  ( 1 2 4  REPLACE 17dG1 AODRESS 1 7 2 4  B I T E  1 OUTPUT 
1 7 7 7  I N P U T  1 7 7 7  D I V I D E  1 0 5 1 )  
1 - 1  ( 1 Q 6  ADDXESS 52 REPLACE 7 7 )  
1 - 1  ( 1 5 4  MAKE 1 0 6 4  MOVE 4 B I T E  1 7 7 6  READ 1 4 7 6  U N I T E  
1 7 7 7  HALF 7 WOdD 7 P O I N T  1 7 7 7  END 377 E I G H T  1 7 7 7  ADD 1 2 7 7  LOAD 
3 DELETE 7 0 1 )  
0 - 1  ( ; 1 7 ' D I R E C T I V E  72@ DECIMAL 2 1 0  OVERFLOLJ 
4 OCTAL 1 7 6 7  CONTROL 1 7 7 7 )  
0 - 1  ( 1 0 4  MULTIPLY 1 3 2 1 )  
1 - 1  ( l a 4  I N S E R T  320 ACCUMULATE 4 5 1 )  
0 - 1  1 - 1  ( l a 0  I N T E i i S E C T  1 0 0 0 )  
1 - 1  ( 1 0 g  ACCUiVlULATE la001 
1 - 1  o - 1  1 - 1  ( 1 0 a  I N T E R S E C T  4210) 
1 - 1  ( l a g  L I S T  1 0 0 )  
0 - 1  0 - 1  ( 1 0 ' 2  >!ULTIPLY 400) 
1 - 1  ( 1 0 7  EXCHANGE 1 6 7 6 )  
0 - 1  (99  OCTAL 1 0  D I R E C T I V E  1 )  
1 - 1  ( 1 0 6  ACCUMULATE 326 ADDRESS 1 I N S E i i T  
453) 
0 - 1  ( 1 0 1  R E G I S T E R  12p10)  
1 - 1  0 - 1  ( 1 0 0  R E G I S T E R  400)  
1 - 1  0 - 1  ( 1 0 1  R E G I S T E H  1 4 0 )  
1 - 1  ( 1 8 3  I N T E R S E C T  3 4 4 )  
1 - 1  0 - 1  ( 1 0 2  R E G I S T E R  32)  
0 - 1  ( 1 0 1  R E G I S T E R  5) 
1 - 1  0 - 1  ( 1 0 5  QUARTER 1 2 0 0  DECIMAL 1526) 
0 - 1  ( i 0 l  MULTIPLY 42)  
1 - 1  ( 1 0 3  I N S E R T  1 0 0 4  I N T E R S E C T  33) 
1 - 1  ( 1 0 8  L I S T  1 6 7 7 )  
0 - 1  ( 1 0 1  QUARTER 500) 
0 - 1  ( l a 1  MULTIPLY 1 4 )  
1 - 1  0 - 1  ( 1 2 1  S C A L E  600 SAVE 574 SEVEN 206 THREE 1 4 7 7  TWO 
1 7 7 7  ZERO 1 0 4 1 )  
0 - 1  (1013 CYCLE 7 7 3  SEVEN 441)  
1 - 1  ( 1 0 4  S I X  1 4 4 6 )  
1 - 1  ( 1 0 1  D I V I D E  6 )  
0 - 1  (102  D I R E C T I V E  40 SUBTRACT 5 4 1 )  
1 - 1  ( 1 0 5  SUBTRACT 1 2 3 6 )  
0 - 1  ( 1 0 0  D I R E C T I V E  4 )  
1 - 1  ( 1 0 B  D I R E C T I V E  1 0 0 0 )  
1 0 - 1  ( 1 2 3  SKIP 1 7 7 7  S C A L E  1 1 7 7  S T O R E  1777)  
1 - 1  ( 1 0 1  EXCHANGE 1 0 1 )  
0 - 1  ( 1 1 8  SEVEN 1 1 3 0  ZERO 736 JUMP i 7 7 7  SAVE 1203) 
0 -1 . ( 1 0 1  CYCLE 1084) 
1 -1  (108 DELETE 1 0 7 6  S I X  3 3 1 )  
0 - 1  (iGCJ DECIMAL 4 G )  
0 - 1  ( 1 0 1  D I R E C T I V E  12) 
1 - 1  0 - 1  (100 DECIMAL 1 )  
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